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Abstract: Recently developed photonic integrated circuits (PICs) for wireless communications are
reviewed. These PICs leverage hybrid integration technology, which combines InP active elements,
silicon nitride (SisNs) low-loss waveguides, high-efficient thermal-optical tunable polymer with
micro-optical functions to achieve fully integrated systems. This approach incorporates photonic
building blocks, such as tunable lasers, on-chip optical isolators, optical phased arrays (OPAs),
modulators, semiconductor optical amplifiers (SOAs), PIN-photodiodes, and waveguide-based
photoconductive antennas. Among the key innovations are the generation of phase-locked optical
signals for wireless carrier at 45 GHz through on-chip frequency comb generation and injection
locking, as well as the photonic-enabled beam steering across 20° at 300 GHz by integrating polymer-
based optical phased arrays with InP PIN-photodiode-based antenna arrays. These advancements
result in compact form factors, reduced power consumption, and enhanced scalability, positioning
PICs as an enabling technology for future high-speed wireless networks.

Keywords: hybrid integration; wireless transceivers; high-speed wireless communication; photonic
integrated circuits

1. Introduction

The rapid growth of global data traffic, driven by emerging technologies such as 5G/6G
networks, the Internet of Things (IoT), and artificial intelligence (Al), has created an unprecedented
demand for high-speed, high-capacity wireless communication systems [1,2]. Traditional radio-
frequency (RF) technologies, while widely deployed, face fundamental limitations in bandwidth,
energy efficiency, and signal integrity, particularly as we approach the millimeter-wave (mmWave)
terahertz (THz) regime [3-5]. In this context, photonic technologies offer significant advantages [6].
By leveraging the ultra-wide bandwidth capabilities of mature optical fiber communication
technology, photonic systems enable the generation and modulation of signals in the optical domain,
which can be efficiently converted into the electrical signal up to THz range through photomixing [7-
9].

Early demonstrations of photonic wireless systems relied on discrete components, such as fiber-
coupled lasers, external Mach-Zehnder modulators (MZMs), and free-space optical setups. They

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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achieved impressive data rates, for example, up to 100 Gbit/s in the 100 GHz band [10], but were
limited by their large footprint, high power consumption, and susceptibility to alignment issues [4,5].

Recent advancements in photonic integration have enabled the development of chip-scale
systems. Here, silicon photonics (SiPh) has gained significant attention due to its compatibility with
CMOS processes, which enables low-cost and high-volume production of integrated modulators and
detectors [11,12]. However, it faces challenges such as the lack of efficient on-chip light sources, and
the lack of volumes required for CMOS style processes. This limitation has spurred the development
of hybrid integration strategies, combining silicon with III-V materials like indium phosphide (InP)
to incorporate high-performance lasers and amplifiers [13,14].

On the other hand, InP excels in monolithic integration of active components, such as lasers,
amplifiers, and high-speed modulators, making them highly suitable for compact and efficient
photonic transceivers [15,16]. However, InP is limited in passive component performance and for
that, low-loss materials like silicon nitride (SisN4) [17,18] and polymer [19,20] are better suited. SisNa
is renowned for its ultra-low optical loss [17]. Polymer material platform such as PolyBoard [19,21]
offers low-loss waveguide and features versatile micro-optical bench which can integrate bulk optic
functionalities onto the chip. Its various refractive index contract waveguide system enables seamless
co-integration with other materials. Additionally, lithium niobate (LiNbOs) has gained attention for
its exceptional electro-optic properties, enabling high-speed modulators with low power
consumption [22-25]. Furthermore, plasmonics-enabled modulators have demonstrated ultra-high
frequency responses, reaching the sub-terahertz range [26].

Fraunhofer HHI has been developing solutions that provide compact form factors, reduced
power consumption, and enhanced scalability for such photonic integrated circuits (PICs). For
example, using PolyBoard platform to integrate active components such as lasers, modulators,
photodiodes, as well as nonlinear and nonreciprocal bulk optic functionalities through hybrid
integration [27-30].

In this work, we present a new generation of PICs for wireless communications, involving the
InP, SisN4 and polymer material platforms. This integration scheme offers fully integrated PICs with
building blocks such as tunable lasers, on-chip optical isolators, optical phased arrays, modulators,
semiconductor optical amplifiers (SOAs), positive-intrinsic-negative photodiodes (PIN-PDs) and
waveguide-integrated photoconductive antennas (PCA). The generation of low-phase-noise wireless
carriers through the on-chip frequency comb generation and injection locking yields a photonic
engine for microwave signal generation. Moreover, the combination of an optical phased array (OPA)
and InP PIN-PD based antenna array yields a directional and reconfigurable antenna array for the
wireless communication.

2. Key Photonic Subsystems for Wireless Transceiver PICs

Hybrid integration takes the approach of using the advantage of each material platform. Table
1 lists the photonic functionalities offered on the material platforms that are going to be considered
in this work for the implementation of the photonic wireless transceivers. The hybrid approach
allows for good yield management even for complex photonic integrated circuits, as only known
good dies from each platform are used for the hybrid integration. The key photonic subsystems which
are going to be discussed are listed below:
e  Optical injection-locked laser source for wireless communications
e  Photonic THz emitter and receiver
e  Beam steering with optical phased array (OPA) and optical beam forming network (OBFN)

Table 1. Qualitative comparison of functionalities offered on different photonic platforms. N/A = not available;

+ = possible; ++ = good; +++ = very good.

Waveguide  Routing  High Speed  Tunable Optical O/E

Platforms
Loss capability Modulation Lasers isolator functionalities
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(e.g. THz
antenna)
InP + + +H+ ++ N/A T
PolyBoard ++ +++ N/A +++ + N/A
Si3Na4 +++ +++ N/A - N/A N/A

2.1. Optical Injection-Locked Laser Source for Wireless communications

Figure 1 illustrates the schematic for generating phase-locked optical signals, a critical step in
generating a low-phase-noise mmWave and THz signal by means of photomixing [9]. This process
employs the optical injection locking technique [31,32], which ensures the phase coherence and
stability in the generated signals. The required photonic building blocks for this subsystem are
discussed in detail below.

RF1 RF2
Slave Laser 1
Master

A
Laser / % M
—:*e PM1 [ PM2
Isolator *
A Az AL A

Slave Laser 2

Figure 1. An optical injection locking system for generating phase-locked optical signals. Optical signal from
narrow linewidth master laser passes through two cascaded phase modulators (PMs). These PMs are
independently controlled by sinusoidal RF signals, enabling the generation of an optical frequency comb (OFC).
The generated OFC is then used to injection-lock the two slave lasers, producing phase-locked optical signals.

The optical isolator is incorporated to prevent feedback into the master laser.

2.1.1. InP/Polymer Tunable Laser

Hybrid PIC based external cavity diode lasers (ECDLs) have emerged as reliable, tunable,
narrow linewidth laser sources. PICs with Vernier microring resonators (MRR) [33], distributed
Bragg reflectors [34-36], Sagnac loop reflectors (SLRs) [37], and Mach-Zehnder interferometers [38]
have been fabricated on silicon (5i) [38], silicon dioxide (S5iOz2) [39], silicon nitride (SisNs4) [33-35,40,41],
polymer [36,42], and other materials [43].

Fraunhofer HHI's PolyBoard and InP foundry platforms offers the hybrid InP/polymer tunable
distributed Bragg reflector (DBR) lasers, operating in the telecom window with a center wavelength
of approximately 1550 nm. These lasers offer a tuning range exceeding 20 nm, a narrow linewidth of
185 kHz, and optical power levels of up to 40 mW [42]. One of these lasers serves as the master laser,
which generates the optical carrier fed into the InP phase modulators. Its wide tunability and high
stability makes it ideal for generating precise optical carriers required for low-phase-noise signal
generation.

The characterization of hybrid DBR lasers in a master-slave configuration has been
experimentally verified to achieve stable injection locking. By defining the detuning frequency Af as
the difference frequency between the master laser and slave laser, and the internal injection ratio
R — Pinjection

imt = ——— as the ratio of the injected power to the slave laser power, the locking behavior is

Pslave

charted in Figure 2. The locking range of 0.2 GHz to 3.8 GHz was observed. Under stable injection-
locked conditions, the slave laser follows the frequency of the master laser, and the measured
frequency difference is less than 20 MHz. The boundaries of the locking range are visible as sharp
transitions. Outside the locking range, the frequency difference increases significantly. For a large
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internal injection ratio R;,;, a small unstable region is observed within the locking range,
corresponding to the undamped relaxation oscillations [44]. In this region, the frequency deviation
increases abruptly, as the relaxation oscillations dominate the power distribution and alter the optical
frequency.
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Figure 2. Spectral analysis for determining the injection locking range as a function of internal injection ratio
Rin: and detuning frequency Af.

2.1.2. InP Electro-Optic Modulator

There are several different ways of generating optical frequency combs (OFCs) using integrated
photonic approaches, e.g. Kerr soliton combs in high-Q microresonators [45,46], which offer ultra-
low phase noise and broad bandwidth but require precise control of pump power and dispersion,
mode-locked lasers [46,47], which provide excellent coherence and high repetition rates but have
limited tunability due to fixed cavity designs, gain-switched laser combs [48], which are simple and
cost-effective with moderate tunability but suffer from spectral flatness and phase noise limitations.

Here, we choose two cascaded InP-based electro-optic modulators which are modulated with
sinusoidal RF driving currents and thus generate an optical frequency comb (OFC) [49-51]. This
offers a highly flexible and frequency tunable approach, making them particularly suitable for
microwave photonics applications. E/O combs can be precisely controlled via microwave driving
signals, enabling tailored comb spacing and phase coherence, which are critical for generating high-
quality microwave signals.

The InP foundry integration platform at HHI provides high-bandwidth traveling-wave
modulators based on the quantum-confined Stark effect (QCSE) [51,52]. Additionally, SOAs can be
integrated directly after the phase modulator to enhance the power of each comb line. Figure 3 (a)
shows the InP chip with two cascaded phase modulators and followed by a SOA, and an example of
generated OFC is shown in Figure 3 (b).
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Figure 3. (a) InP chip with two cascaded PMs for generating OFC, SOA is integrated after the second PM and
the coupling interfaces are facilitated by spot-size-converters (SSCs); (b) Example of generated OFC spectrum.
The measured OFC would support a bandwidth of 225 GHz.

Based on the travelling wave electrode structure, high-speed MZMs have been optimized and
offered as a standard building block on the InP foundry platform [15]. Figure 4 shows their typical
characteristics.
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Figure 4. Characterization of an InP Mach-Zehnder Modulator (MZM): (a) DC extinction ratio map of a 5 mm

long MZM [15]; (b) High-frequency response of InP MZM with different length [15]; (c) Eye diagrams of a 5 mm

long MZM for NRZ 64 Gbps, NRZ 80 Gbps, PAM4 24 GBd. [15].

2.1.3. Optical Isolators

Optical isolators are essential in the injection locking technique to prevent feedback from the
slave lasers, ensuring stable operation of the system. The PolyBoard platform’s micro-optical bench
allows for the integration of bulk nonreciprocal optical elements directly into a photonic chip. The
isolator incorporates a Faraday rotator sandwiched between a 0° polarization filter and a 45°
polarization filter, followed by a 22.5° half-wave plate (HWP) to ensure TE polarization in forward
transmission direction. The optical coupling between waveguide and free-space is optimized through
gradient-index (GRIN) lenses, which can be placed in the etched U-groove structures on the
PolyBoard. Figure 5 (a) shows a close-up picture of the integrated optical isolator. Over 30 dB
isolation across C-band with an excess loss below 1.5 dB can be achieved as shown in Figure 5 (b)
[29,30,53].
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Figure 5. (a) Close-up picture of the on-chip integrated optical isolator; (b) Characterization of such optical
isolator [30].

2.2. Photonic THz Emitter and Receiver

By superimposing the two phase-locked optical signals, a stable optical beat note is generated,
which is then converted into a THz signal using a photomixer. On the receiver side, the beat note
serves as local oscillator to down-convert the incident THz signal to an intermediate frequency for
electronic acquisition. For the transmitter (ITx), commonly PIN-PDs or uni-traveling-carrier (UTC)
PDs are employed as photomixer [54-57], while photoconductive antennas (PCAs) are better suited
for the receiver (Rx) [58-60].

For our transmitter, waveguide-integrated PIN-PDs, based on mature processes originally
developed for fiber-optic communication systems, have demonstrated coherent links with data rates
of up to 160 Gbit/s and well-defined radiation patterns [61,62]. For coherent communication, an InP
in-phase/quadrature (I/Q) modulator imprints the data onto one of the optical signals before
superposition as shown in Figure 6. An I/Q modulator is typically constructed using two parallel
Mach-Zehnder modulators (MZMs). All these building blocks, i.e. lasers, MZMs, and PDs are readily
available on the InP platform.

Probe / bond pads

() Tz nan
Bias line

A A
1Q 2 2 = Bow-tie
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¥
71@

Optical
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Figure 6. (a) Photomixing scheme of an I/Q modulated optical beat signal using a PIN-PD. (b) Micrograph and

scanning electron micrograph of a waveguide-integrated PD chip with bow-tie antenna for THz radiation.
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Figure 7. (a) Photomixing of an optical beat signal using a PCA. (b) Micrograph and scanning electron
micrograph of the novel waveguide-integrated PCAs [63].

On the receiver side, the antenna receives the incident THz signal, which results in a voltage
variation with the frequency fry, at the photoconductor in the feeding point of the antenna. At the
same time, the optical beat signal fed into the photoconductor acts as a local oscillator (LO) with the
difference frequency of the two phase-locked laser signals f;,, which modulates the conductance of
the photoconductor. This oscillating conductance in the feeding point of the antenna leads to a down-
conversion of the THz signal to an intermediate frequency (IF) fir = |fry, — frol, that can be
measured with conventional electronics. Note that photonic integration requires waveguide-
integrated PCAs and not traditional top-illuminated designs [64]. By integrating the PCA with optical
waveguides, evanescent coupling enhances the light coupling efficiency into the photoconductive
material. Unlike top-illuminated PCAs, which suffer from reflections at the air-semiconductor
interface, waveguide-integrated PCAs minimize these losses by coupling light from below, resulting
in improved optical absorption and higher output signal strength. Recent developments in
waveguide-integrated PCAs have demonstrated up to 22-fold improvement in photoresponse
compared to state-of-the-art top-illuminated designs [64], enabling flexible integration of THz
receivers into photonic integrated circuits.

2.2.1. Scaling-Up with Antenna Arrays

To address the limitations of emitted power [57,65] and antenna directivity [66,67] in mmWave
and THz communication systems, arrays of antennas are implemented. The antenna pitch must be
smaller than the targeting wavelength (A) to achieve beam steering capability, necessitating
waveguide-integrated designs to enable the required compact spacing, which discrete components
cannot provide. This approach enables scalable and high-performance THz transmitter and receivers.
A 1x4 THz emitter array based on PIN-PDs integrated with SOA [65] and a 1x4 THz receiver array
based on PCAs are depicted in Figure 8 and Figure 9, respectively. Spot-size-converters (SSCs) are
included on the chip facet to facilitate the coupling towards standard fiber array or other chip
platforms.
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Figure 8. (a) Micrograph of the fabricated 1x4 THz emitter array based on PIN-PD and integrated with SOA [65].
(b) The CAD model of packaging such antenna array [65]. (c) The packaged module [65].
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Figure 9. Micrograph of fabricated 1x4 THz receiver array based on waveguide integrated PCA.

2.3. Beam Steering with Optical Phased Array (OPA) and Optical Beam Forming Network (OBFN)

Beam steering can be achieved by integrating optical phased arrays (OPAs) with antenna arrays,
where the phase of each individual antenna element is precisely controlled [68]. Figure 10 illustrates
a schematic design of such an OPA, which utilizes two phase-locked optical signals as inputs. Power-
splitting elements, such as multimode interferometers (MMIs) distribute the signals to the desired
number of antennas. To maintain phase correlation between the two signals, the optical path lengths
must be identical, necessitating low-loss waveguide routing. By introducing phase shifting in one of
the optical signals, wide steering angle can be achieved with tuning speeds in the MHz and GHz
range [67,69,70].

The PolyBoard platform offers waveguide propagation loss down to 0.8 dB/cm [19] and also
includes building blocks such as efficient thermo-optical phase shifters with low crosstalk. These
phase shifters leverage the platform's high thermo-optical coefficient and low thermal conductivity,
outperforming other photonic integration platforms [65].
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Figure 10. [llustration of the schematic design of optical phased array (OPA) targeted for THz beam steering.

Figure 11 shows a packaged 1x4 OPA array based on the PolyBoard platform. By controlling it
in conjunction with the 1x4 THz emitter array shown in Figure 8, an increased output power of
10.6 dB, higher directivity and continuous beam steering across 20° at 300 GHz have been
successfully demonstrated in [65].
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Figure 11. (a) Photograph of the assembled and packaged OPA chip. Wire bonding to a multi-pin plug allows
stable connection and driving of the OPA in the beam steering testbed. The augmented micrograph (b) shows
the polymer-based OPA chip with 4 thermo-optical phase shifters to set the phase of the beat signal at the
respective output port [65].

For a larger antenna array, to overcome the beam squint effect [65], using an optical Blass matrix
based OBFN to introduce time delay into the signal is also possible with the platform solution [71,72].

3. Towards Full-Photonic Wireless Transmitter and Receiver PICs
3.1. Optical Interfacing Between PIC Technologies

Moreover, integrating the aforementioned photonic building blocks into the hybrid PIC requires
efficient coupling between each platform. Numerical simulations were performed using ANSYS
Lumerical MODE, optimizing the waveguide width for each material platform to achieve optimal
mode overlap and maximize mode-field diameters, thereby enhancing coupling tolerance. Table 2
provides an overview of the waveguide properties for the different material platforms used in the
transceiver PICs. Parameters such as nerr is the effective refractive index, MFDxy are mode-filed
diameters where the optical power has dropped to 1/e? of the maximum intensity. The waveguide
width varied in the simulation is listed, as well as the simulated coupling loss towards PolyBoard.
Figure 12 shows the schematic of the waveguide cross section of (a) InP, (b) PolyBoard, and (c) SisNas
[17], and their corresponding simulation results.
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Table 2. Waveguide properties of each material platform.
Simulated
W ide Width ling L
Platforms Nesf @1550 nm MFDxy [um] avegtuide M1 couping -05s
[pm] towards
PolyBoard [dB]
InP [16] 3.2 (3.5, 4.4) - (10.0, 7.0) [0.1-1.0] 1.5
PolyBoard 1.46 - 1.45 (4.3,4.3)-(9.0,7.8) [0.8 -3.2] N/A
1.5,1.2) - (10.0,
SisN4[17] 1.535 - 1.446 ( )~ ( [0.8-3.7] 0.1
10.0)
(b)
Width
i

(d) (e)

1.0 ] 1.0 1.0
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Figure 12. Cross section of (a) InP spot-size converter; (b) PolyBoard taper; (c) SisNs waveguide with high-index-
contrast (HIC) (left) and low-index-contract (LIC) (right) [17]. Simulation of power transmission between
different waveguide interfaces: d) InP and PolyBoard; e) SisN4 HIC and PolyBoard; f) SisN4 LIC and PolyBoard.

3.2. Hybrid Wireless Transmitter PIC

With the above-mentioned photonic building blocks, first prototypes of hybrid wireless
transmitter and receiver PIC have been demonstrated. Both PICs use PolyBoard as the motherboard
for tunable lasers, waveguide routing with optical isolator, and interfacing with InP and SisNa chips.
The other active photonic functions such as the OFC generation, 1/Q data modulation, and THz
emitter and receivers, as well as the passive functions such as OBFN based on SisNs, are integrated
on different chiplets. They are butt-coupled on the west and east side of the PolyBoard based on the
current assembly limitations. Active coupling method is used during the coupling process to spare
the additional alignment loops for each interface and platform.

Figure 13 shows the assembled wireless transmitter PIC. Starting from the north-west side, four
hybrid InP/Polymer tunable DBR lasers are integrated, one is implemented as the master laser and
the rest is implemented as slave lasers for generating phase-locked optical signals. An InP modulator
chip is placed on the north-east side with two phase modulators for OFC generation, one 1/Q
modulator and one MZM for generating modulated carriers. The phase-locked optical signals are
then routed towards the OBFN chip on the south-east side with beam forming functionality. Finally,
the processed optical signals are received by an InP antenna chip with SOA integrated wireless
emitter array in a 4x4 configuration.
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» InP modulator chip (HHI)
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I/Q data modulation

InP gain chips (HHI)
for 4 tunable lasers

Figure 13. Hybrid wireless transmitter PIC integrating InP, PolyBoard and SisN4 platforms.

The assembled PIC is characterized by testing its coupling with various interfaces using a fiber
array connected to the PolyBoard chip, with waveguide tap couplers (average insertion loss of
16.6 dB in TE polarization) enabling measurements. A fiber-to-chip coupling loss of 1.0 dB per facet
is assumed during the characterization process. Figure 14 (a) and (b) show the spectra of the hybrid
tunable DBR lasers with varying heating power on the grating section, measured after passing
through the InP modulator chip. Figure 14 (c) shows the spectra of the slave laser measured directly
through the fiber array. Additionally, Figure 14 (d) validates successful coupling of the InP antenna

chip, by comparing fiber-chip and chip-chip characterization before and after the assembly. The outer
most SOAs are measured.
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Figure 14. Characterization of the assembled THz transmitter PIC. By varying the power applied onto the grating
heater, tuning spectra has been recorded: (a) the master laser going through the InP modulator PIC; (b) The slave
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laser going through the InP modulator PIC; (c) The slave laser measured directly using a fiber array. (d)
Comparison between fiber-chip and chip-chip characterization using the outmost SOAs of their generated

photocurrent at different optical power level.

3.3. Hybrid Wireless Receiver PIC

The receiver PIC follows a configuration similar to that of the transmitter PIC. The InP modulator
chip incorporates two cascaded phase modulators to generate the OFC. Instead of using an optical
beamforming network, a phased array based on phase shifters and MMIs is integrated on the
PolyBoard. This phased array is coupled to the single-channel and two-channel InP antenna chips
based on waveguide integrated PCA, which are located on the south-east side of the PolyBoard chip.

InP modulator chip (HHI)
for OFC generation

InP antenna chips (HHI)

1 y receiver array
InP gain chips (HHI)

for 4 tunable lasers

Figure 15. Hybrid wireless receiver PIC integrating InP, PolyBoard platforms.

The receiver PIC is characterized in a similar manner using a fiber array coupled to the
PolyBoard chip. Figure 16 (a) to (c) show the spectra of the master laser and two slave lasers with
varying the heating power on the grating section, while Figure 16 (d) displays the I-V characteristic
of the coupled PCA chip. Additionally, the receiver PIC is further characterized to validate the on-
chip optical injection locking [73]. As shown in Figure 16 (e), the OFC is generated by operating the
master laser and applying 7.5 GHz RF signals to the cascaded phase modulators. The resulting OFC
is measured through the fiber array accessed via the test ports. By locking the slave lasers to the 3d-
order harmonics of the comb, a phase-locked optical beat note at 45 GHz is demonstrated in Figure
16 (f).
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Figure 16. Characterization of the assembled THz receiver PIC. By varying the power applied onto the grating
heater, tuning spectra has been recorded: (a) The master laser going through the InP modulator chip; (b) The
slave laser 1; (c) The slave laser 2. (d) Comparison between fiber-chip and chip-chip characterization of the 2-
channel PCA at different optical power level. (e) On-chip OFC generated through the cascaded phase
modulators and measured through the test ports [73]. (f) Phase-locked optical beat note measured at 45 GHz
[73].

4. Conclusions and Outlook

This paper has reviewed the recent development of hybrid PICs for wireless communications at
Fraunhofer HHI, focusing on the integration of key photonic subsystems: injection-locked laser
sources, photonic THz emitters/receivers, and OPAs. We demonstrated cascaded PMs based on InP,
generating OFC with a 225 GHz bandwidth, and hybrid InP/polymer tunable lasers achieving a
locking range of 3.8 GHz in a master-slave configuration. Waveguide-integrated PCAs on the InP
platform showed a 22-fold improvement in photoresponse compared to traditional top-illuminated
designs, while 1x4 arrays of PIN-PDs and PCAs were implemented for scalable wireless
communication. The integration of polymer-based OPAs with 1x4 InP PIN-PD antenna arrays
enabled continuous beam steering across 20° at 300 GHz, with an increased output power of 10.6 dB
and improved directivity. Prototypes of hybrid wireless transceiver PICs were successfully
assembled, integrating tunable lasers, on-chip OFC generation, I/Q modulators, and THz
emitter/receiver arrays, demonstrating the feasibility of fully integrated PICs for high-speed wireless
communication.

Future work will focus on addressing the power budget challenge by, for example, integrating
SOAs at multiple stages to boost the optical power delivered to the antenna arrays, enabling higher
effective radiated power. Additionally, the hybrid integration approach can be extended to
incorporate other material platforms, such as LiNbOs, to target wider OFCs reaching the THz range,
enhancing bandwidth and flexibility for future wireless systems. While scaling up to larger
transmitter and receiver antenna arrays is a natural progression, robust packaging solutions and
thermal management strategies will be critical to ensure reliable operation and efficient heat
dissipation.

In conclusion, the advancements presented in this work demonstrate the potential of hybrid
PICs as a key enabler for next-generation wireless networks in the mmWave and THz regimes. By
addressing power budget challenges through multi-stage SOA integration, leveraging wider optical
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frequency combs, and scaling up antenna arrays, hybrid photonic integration technology is poised to
play a pivotal role in shaping the future of high-speed wireless communication.
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