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Abstract: Multi-channel radio frequency (RF) signal generation, facilitated by photonic technology,
offers significant potential for generating coherent signals with a high frequency and low phase noise,
providing multifunctional capabilities across diverse platforms, including RF and photonic systems.
Traditional methods for multi-channel photonic RF signal generation typically entail the integration
of diverse optical components, such as filters and amplifiers. However, this integration often results
in compromises related to power efficiency, cost-effectiveness, and implementation simplicity. To
address these challenges, we propose a novel method for generating multi-channel photonic RF
signals based on optical injection locking technology. This approach eliminates the necessity for
traditional optical components, leading to a substantial enhancement in the performance of photonic
RF signals. We present the design of an optical injection locking-based multi-channel photonic RF
signal generation schematic and theoretically evaluate its Signal-to-Noise Ratio (SNR) and eye pattern
performance for data modulation using the Lumerical INTERCONNECT simulator. Our results reveal
a significant 1.3-dB and 3.6-dB enhancement in SNR for 30-GHz and 60-GHz signals, respectively.
Furthermore, we observed an improved communication performance, as evidenced by enhanced eye
patterns in 3-Gbps data transmission compared to passive photonic RF signal generation methods.

Keywords: photonic RF signal generation; multi-channel RF signals; optical injection locking

1. Introduction

Over the past decade, considerable research and development efforts have been
devoted to advancing the generation of high-frequency and multi-channel radio fre-
quency (RF) signal to meet the evolving demands of modern RF applications, including
wired /wireless communications [1] and radar systems [2]. However, the integration of
microwave components into the transmitter and receiver modules of these application
systems has introduced challenges, notably high noise and low stability, thereby constrain-
ing overall system performance [3,4]. Specifically, the necessity for multiple stages of up-
and down-conversions in high-frequency RF systems has resulted in increased phase and
amplitude noise [5,6].

In response to these limitations, and with a focus on improving stability, there is a
growing interest in the integration of photonics and microwave technology, commonly
referred to as microwave or RF photonics. This approach involves the generation of RF
carrier signals in the optical domain through the heterodyning of two different-wavelength
optical signals at the photodetector [7]. Consequently, RF carrier signals, generated based
on microwave photonic technology, cover a broad frequency spectrum, extending up to
millimeter and THz waves while maintaining stable phase characteristics. The advantages
of employing microwave photonic technology include the elimination of microwave com-
ponents and multistage up and down-conversions, allowing for the simplification of RF
frequency-operating systems and a reduction in their size and cost. Consequently, photonic
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RF signal generation methods have emerged as prominent candidates for advanced RF
applications requiring a high-frequency spectrum, such as radar, communications, and
electronic warfare [7,8].

In addition to the demand for high-frequency operation, various research groups
have proposed a multi-channel RF signal generation system owing to its advantages over
the single-channel system. The advantages include application diversity, adaptability to
various environments, enhanced reliability, and the ability to mitigate disruptions caused
by RF signal interferences [2]. Owing to the frequency flexibility inherent in photonic RF
signal generation, coupled with the aforementioned advantages, multi-channel photonic
RF signal generation technology has progressed into the next generation of technology [9].
Photonic RF signal generation exploits optical techniques to generate multiple RF signals
on a single-platform hardware based on wavelength division multiplexing [10], tunable
optoelectronic oscillator [11], and optical frequency comb [12]. As a result, multi-channel
photonic RF signal generation systems offer high-quality signals and a wide range of
tunable frequencies with simple implementation [9,13]. Notably, multi-channel photonic
RF signal generation holds significant potential for multipurpose systems, facilitating
the cooperation of various applications within a single system, such as high data-rate
communication, radar systems, and medical imaging.

In this study, we introduce a novel coherent multi-channel RF signal generation based
on optical injection locking technology and conduct a comprehensive theoretical perfor-
mance evaluation. Our approach utilizes a coherent optical frequency comb (OFC) as a
master laser (ML) and an array of single-mode semiconductor lasers as slave lasers (SLs).
The OFC offers several advantages, including a broad operational bandwidth, high coher-
ence, precise frequency control, low phase noise, and frequency stability, making it suitable
for various fields required high-quality coherent signals such as quantum communica-
tion [14,15] and particularly multi-channel RF signal generation [16,17].

In contrast to recent work [17], we propose the optical injection of the OFC to an
array of SL. The optical injection locking process between the OFC ML and the array of SL
achieves the selection and amplification of the target optical frequency from the multiple
frequencies of the OFC, while concurrently preserving optical signal coherence. This
eliminates the need for optical bandpass filters, consequently removing the requirement
for optical amplifiers to compensate for the power loss of the bandpass filter and provide
sufficient optical power for RF signal generation. Additionally, for the data modulation
stage, we implement direct modulation of the SL without the use of external modulators.
Since the SL is locked to one of the OFC modes, the modulation bandwidth of the optically
injection locked (OIL) SL can be significantly increased [18,19]. Direct SL modulation
also brings benefits such as cost reduction, simplified configuration, and improved power
efficiency by eliminating the need for external optical modulators.

Our results demonstrate a 1.3-dB and 3.6-dB improvement in SNR for 30-GHz and
60-GHz RF signals, respectively, compared with those generated by conventional multi-
channel photonic RF signal generation method employing optical filters and external
modulators, referred to as “passive” multi-channel photonic RF signal generation system
in this manuscript. Furthermore, we present enhanced eye patterns at a 3-Gbps data rate,
affirming the capability for high-data-rate communication within a single platform. The
optical injection locking-based multi-channel photonic RF signal generation system, with
its enhanced data modulation performance, holds promise for widespread development,
catering not only to multi-channel communication systems but also to multifunctional pho-
tonic radars that seamlessly integrate radar, sensing, and communication functions within a
single hardware platform. Moreover, the deployment of multi-channel RF signal generation
systems offers a substantial improvement over single-channel RF systems by integrating
information from multiple RF generated signals. This approach proves instrumental in mit-
igating degradation caused by interference, environmental noise, and dynamic condition
changes. The realized enhancements in SNR and eye-pattern performances play a pivotal
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role in elevating the accuracy, reliability, quality, and clarity of various applications, such as
radar target detection and navigation, communication signals, sensing, and imaging.

Furthermore, the proposed multi-channel RF signal generation system, founded on
optical injection locking, introduces compact dimensions, simplicity, and low power con-
sumption in system configuration. This addresses the growing demands across diverse
real-world application fields, including but not limited to military, medical, automation,
and mobile communication.

2. Principle of Multi-Channel Photonic RF Signal Generation Using OIL
Semiconductor Lasers

2.1. Target Mode Selection and Amplification Using Optical Injection Locking Technology

Figure 1 shows the schematic of the optical selection and amplification utilizing optical
injection locking technology. Optical injection locking is the technology that synchronizes
the phase and frequency of SL output signal with the ML. The synchronization of the phase
and frequency of the SL with the ML is achieved through the proper control of two injection
locking parameters: the injection ratio and detuning frequency [18-20]. The injection ratio
represents the power ratio between the ML and SL, and the detuning frequency is the
frequency difference between the ML and SL. Experimental control of the injection ratio
involves the use of optical power control components, such as optical attenuators and
amplifiers, inserted between the ML and SL. The detuning frequency can be manipulated
experimentally by varying the optical frequency of the ML or by temperature tuning of the
semiconductor SL. Moreover, the simultaneous control of both injection locking parameters
is possible by directly modulating the bias current of the SL, as discussed in research [20].
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Figure 1. Schematic of the optical selection and amplification utilizing optical injection locking
technology. OFC: optical frequency comb.

Within the stable locking regime, achieved through precise control of these injection
locking parameters, either separately or simultaneously, the phase and frequency of the
SL are synchronized with those of the ML. Simultaneously, the OIL semiconductor laser
can exhibit high power, even when the injecting ML power level is low, in what is termed
the weak injection-locked regime. Consequently, the optical injection locking process in
the SL can equivalently function as an optical filter and amplifier, effectively selecting and
amplifying a target mode of OFC comb modes without requiring optical bandpass filters
and amplifiers, while maintaining signal coherence.

The proposed system for mode selection and amplification, based on optical injection
locking technology, comprises an OFC as a ML and a semiconductor laser serving as the
SL. The OFC generates a sequence of coherent optical modes equally spaced by Aforc [21].
The frequency of ny, mode can be expressed as:

famr = fo +nAforc, (1)

where {j is the frequency of a reference-selected mode. The complex electrical field of the
OFC signal injected into the SL is represented as:
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Eorc(t) = ) Bumr (t)exp[j(2rtinmet + da)] )

where Ey, and ¢y denote the field amplitude and initial phase of each OFC mode,
assumed to be the same value for all OFC modes. For simplicity, we set the initial phases of
OFC modes to 0. The complex electrical field of the SL in a free-running state (i.e., without
optical injection) is described as:

EfreeSL(t) = Efree st (t)exp [j(27tffree st + Ppree,sL(t)) ], 3)

where ffree 51, Efree 51, and G 51, are the frequency, field amplitude, and initial phase of
free-running SL. After injection, the carrier number N(t), field amplitude E(t), and phase
¢(t) of the SL are expressed using the rate equations [19,20,22,23] as:

TN — s () ~ VaN() ~ £+ BIN() ~ N JECY, @
ciiE((tt)) - %g[N(t) — NinJE(t) + KBy} | cos(2mAfa () — ¢ (1), ®
T = BN ~Nu ~ v} - kY sin@ndft - 6(0), ©

where Yo Ypr 8 N, k, and o denote the carrier recombination rate, photon decay rate,
gain coefficient, threshold carrier number, coupling rate and linewidth enhancement factor
of the SL, respectively. Afy = fo ML — fereesr and R = Exy; / E%ree,SL represent the detuning
frequency and injection ratio between ny, mode of the ML OFC and the free-running SL,
respectively. These two injection parameters are typically adjusted to lock the SL exclusively
to the target mode among several modes of the OFC.

Figure 2 illustrates a stable locking range as a function of detuning frequency and
injection ratio, following Equations (4)-(6). The locking range gradually narrows as the
injection ratio reduces. To lock the SL to only one mode of the OFC ML, the free-running
frequency of the SL must be adjusted to be very close to the frequency of the target mode,
i.e., the detuning frequency value should be close to 0. Our proposed system necessitates
single-mode selection, requiring the SL to be locked to only one target mode of the OFC. To
avoid multi-mode locking and ensure precise locking to the target mode [19], it is essential
for the locking range to be narrower than the comb mode spacing Aforc. For achieving
single-mode locking, we adjust the free-running frequency of the SL to be very close to the
target mode, corresponding to a low regime of injection ratio, as depicted in Figure 2. The
maximum injection ratio under which the system remains stable can be determined by the
value of Afopc, as illustrated in Figure 2.
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Figure 2. Stable locking range (depicted in gray) as a function of detuning frequency and

injection ratio.
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Furthermore, since a high-power SL is used in the proposed system, the power of the
OFC ML does not need to be high. A low power level in the OFC ML also ensures the
energy efficiency, reliability, cost-effectiveness, and simplicity of the OFC, serving as the
primary optical source in the photonic RF signal generation system.

2.2. Multi-Channel RF Signal Generation Using OIL-Laser-Based System

Due to the mode selection and amplification ability of OIL lasers, we propose a
conceptual configuration of a multi-channel photonic RF signal generation method utilizing
OIL semiconductor lasers, as demonstrated in Figure 3a. The OIL-based multi-channel
photonic RF signal generation system consists of two sections: optical and electrical. In the
optical section, an OFC generates a set of in-phase and equally spaced optical frequencies
that are injected into an array of semiconductor SLs. Through bias current adjustment on
each SL, the optical injection locking parameters are manipulated to fulfill the injection-
locking conditions. This process synchronizes the SL outputs with the frequency of the
target optical modes within the OFC. Consequently, the desired optical signals are filtered
from the spectrum of OFC and amplified to achieve sufficient power while maintaining
robust coherence and stability. This is attributed to the inherent coherence property of OFC
signals and the high stability of OIL output signals. In the electrical domain, multiple RF
signals are simultaneously generated with frequencies matching the differences between
the filtered optical signals beaten in the photodetector. RF filters are then employed to select
the target radar bands for various advanced RF applications such as sensing, radar, and
communication. For data transmission or pulse generation purposes, the OIL-based multi-
channel photonic RF signal generation system can employ external or direct modulation
on one of the selected optical modes. Direct modulation of OIL lasers offers advantages
such as noise reduction and system simplification, achieved by elimination of external
components [20].

. Application
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Figure 3. (a) Conceptual configuration of a multi-channel photonic RF signal generation utilizing OIL
semiconductor lasers. (b) Qualitative schematic overview of the spectrum illustrating the generation
of the multi-channel photonic RF signals through optical injection locking of OFC and an array of
slave lasers. The signal spectra, corresponding to the numbers indicated in parentheses in the signal
flow diagram of (a), are sequentially depicted in (b) (1) through (b) (3).
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Figure 3b presents the qualitative pictures depicting the principle of the OIL-based
multi-channel photonic RF signal generation. The generation of multi-channel RF signals
starts from the OFC spectrum, which consists of a series of coherent optical modes, equally
spaced by Afopc [21]. The frequency of nyg, mode can be expressed in Equation (1). To
generate two RF signals simultaneously, three target optical modes should be selected
with their frequencies selected as fy, fny = fo + NAforc, fm = fo + MAfopc. Data is directly
embedded to one of the selected modes, for example fy mode, by adding the data signal
to bias current of SL using bias tee device. Three above optical modes are heterodyned
at the photodetector, then several of beatings are generated. By using REF filters, the two
target RF signals with the frequencies of frr; = NAfopc and frpy = MAfopc, carrying
the communication information, are selected for transmission via RF antennas for radar
systems or wireless communications.

3. Performance Evaluation and Comparative Analysis of Multi-Channel Photonic RF
Signals: Passive vs. OIL-Based Approaches

In this section, we evaluate the performance of multi-channel photonic RF signals
generated by our proposed OIL-based method, comparing it with signals produced by
the conventional passive photonic generation approach. The assessment involves com-
prehensive simulations conducted using the Lumerical INTERCONNECT simulator, a
commercially available software explicitly designed for simulating photonic integrated
circuits and subsystems. We chose this simulation approach based on the conviction that
it provides a more intuitive and flexible method for system design when compared to
the combination of equation-based simulation results from individual components and
configuration sections. The simulation schematics, illustrating the assessment of both the
passive multi-channel photonic RF signals and the proposed OIL-based multi-channel
photonic RF signals, are depicted in Figure 4a and Figure 4b, respectively.

Initiating our study, we construct the conventional passive multi-channel photonic
RF signal generation configuration, wherein the optical section comprises optical com-
ponents, including optical bandpass filters and amplifiers, as depicted in Figure 4a [19].
Subsequently, we construct our proposed OIL-based multi-channel photonic RF signal
generation configuration, as shown in Figure 4b, and proceed to compare their respective
performances. Both configurations are assembled using built-in elements from the Element
Library of the Lumerical INTERCONNECT simulator.

For the passive multi-channel photonic RF signal generation, the OFC is designed
from an array of eleven in-phase continuous wave lasers [24]. Notably, one of the optical
comb modes is modulated in an external optical modulator to carry information data.
The three selected and amplified optical modes are heterodyned at the photodetector to
generate dual-channel RF signals. These signals undergo filtering by electrical bandpass
Chebyshev filters to realize the desired RF signals with the modulated data. Various optical
and electrical analyzers, such as an oscilloscope, spectrum analyzer, carrier analyzer, and
eye diagram from the Element Library, enable the analysis of system performance in both
time and frequency domains.

For the OIL-based multi-channel photonic RF signal generation, the same OFC is
employed as in the passive system, with the OFC serving as the master laser and three
traveling wave lasers (TWLs) functioning as slave lasers (SLs). Optical circulators facilitate
optical injection between the OFC modes and the SLs, resulting in the selection and am-
plification of the target modes, as illustrated in Figure 1. The power and lasing frequency
of the SLs are controlled by direct current (DC) sources, providing DC bias currents for
TWLs. Importantly, one of the TWLs in the SL array is directly modulated by the data,
offering a simpler and more cost-effective configuration than the external modulation case.
This is owing to the enhanced modulation performance achievable by the OIL laser [18,19].
The remaining components are identical to those described in the passive multi-channel
photonic RF signal generation schematic, with each component’s properties appropriately
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configured to ensure effective system operation, facilitating the generation of multiple RF
signals and transmitting information data.
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Figure 4. Simulation schematic of (a) passive multi-channel photonic RF signal generation and
(b) proposed OIL-based multi-channel photonic RF signal generation. OBPF: optical bandpass
filter, OA: optical amplifier, EBFA: electrical bandpass filter, TWL: travelling-wave laser, OC: optical
circulator. The spectra of signals measured at points marked with characters (i) to (vi) within the gray
boxes in (b) are illustrated in the respective figures of Figure 5.

Figure 5 illustrates the optical and RF spectra, elucidating the evolution of optical
and RF signals leading to the generation of dual-channel RF signals using the OIL-based
multi-channel photonic RF signal generation system, as depicted in Figure 4b. The intended
frequencies for the dual-channel signals are 30 GHz and 60 GHz, respectively. We generate
an OFC with a sequence of 11 coherent optical modes having a frequency spacing of
Aforc =15 GHz as shown in Figure 5a. Among these 11 coherent optical modes, we
specifically identify three modes as #0, #1, and #2 modes, as depicted in Figure 5a. These
modes are designated as the target injection modes of the ML comb and serve as master
laser modes to lock the corresponding three modes of the SL array. The optical power of
each OFC mode is set to —20 dBm to achieve a low injection ratio. This low injection ratio
facilitates a narrow locking range, allowing for precise selection and amplification of the
target mode without interference from untargeted comb modes and the SL array mode.

In our simulation, we drive the SLs with relatively high DC bias currents, achieving
approximately 16.5 dBm of high output powers, which results in a low injection ratio of
—36.5 dB. Due to the low injection ratio, injection locking phenomena occur when the
frequency difference between the ML and free-running SL approaches nearly zero, as
explained in Figure 2. We set the frequencies of the TWLs, which are SLs, identical to
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the frequencies of the three target modes: 193.085 THz, 193.145 THz, and 193.175 THz,
respectively. This configuration ensures zero detuning frequencies to lock the SLs to the
target modes.

«== free-running
—_— OllL

Injection target modes
of ML comb

15GI-E /#0 ’#1 \#2

#0 SL array mode
under free running
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Figure 5. Generation of dual-channel RF signals using OIL-based configuration. (a) optical comb
spectrum with three target modes identified as #0, #1, #2, (b) optical spectrum of SL array #0 operating
under free-running conditions, (c) under OIL laser by OFC injection, (d) selected and amplified optical
modes after combining three SL array outputs under optical injection locking, RF signals generated at
the photodetector after passing through electrical bandpass filters of (e) 30 GHz, and (f) 60 GHz. Inset
of (c): zoom of the selected optical mode in comparison with free-running and OIL laser cases for the
193.085-THz mode. Figures labeled (a—f) represent the signals measured at the locations indicated by
the corresponding characters in Figure 4b.

Figure 5b,c depict the spectra of one of the SL arrays in free-running and OIL cases,
respectively. The optical frequency is 193.085 THz for free-running cases, corresponding
to the #0 target frequency. Injection locking between the #0 comb mode and #0 SL array
mode selectively amplifies the #0 target mode without losing phase coherence (Figure 5c).
The inset in Figure 5c illustrates the locked SL spectrum, demonstrating a significantly
narrower linewidth compared to the free-running SL.

Similarly, the remaining two target modes (#1 and #2) of the ML OFC as shown in
Figure 5a undergo filtering and amplification facilitated by the optical injection locking of
the ML OFC and the SL array modes. To maintain conciseness, the corresponding optical
spectra for these processes are not individually presented in separate figures. The target
modes #1 and #2 experience an approximate 36 dB amplification compared to the —20 dBm
power level for each OFC mode while preserving low noise floor performance through the
OIL process. The optical signals are combined through an optical coupler, and Figure 5d
displays this combined optical spectrum, exhibiting the three amplified modes selected by
the locking process. This optical signal is then delivered to a photodetector for dual-channel
RF signal generation. The photodetector mixes the optical modes and generates beat notes
corresponding to the mode spacing. The generated dual-channel RF signals are filtered by
the two electrical bandpass Chebyshev filters with center frequencies of 30 GHz and 60 GHz,
respectively. The filter bandwidth is designed at 2.25 GHz, corresponding to 0.75 times
the 3-Gbps data rate, allowing for a reasonably high data rate while ensuring acceptable
reliability in data transmission [25]. We will demonstrate data modulation at 3 Gbps using
the proposed OIL-based dual-channel photonic RF signal carrier in subsequent simulations.
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Figure 5e,f depict the RF signals of 30 GHz and 60 GHz, respectively, tapped after the
electrical bandpass filters. Although side modes are present due to signal mixing in the
photodetector, the side mode suppression of 36 dB are still low enough not to impact the
majority of the optical and/or RF system performance that utilizes the dual-channel signal.
This will be demonstrated through the analysis of data modulation results.

We proceed to assess the performance of RF signals generated by our proposed multi-
channel photonic RF signal generation configuration. Subsequently, we compare these
results with those obtained using a passive photonic RF signal generation configuration.
The simulation for passive photonic RF signal generation is executed utilizing the schematic
illustrated in Figure 4a. To ensure a fair comparison of signal performance generated by
the passive photonic RF signal generation configuration with the OIL-based photonic RF
signal generation, we employ an optical filter with the narrowest bandwidth commercially
available, set at 0.1 nm. Specifically, the TFN Narrowband Tunable Optical Filter by
Teraxion is utilized to maintain consistency with the OIL-based multi-channel photonic RF
signal generation system. Optical amplifiers with a 40-dB gain are applied after the optical
filters to achieve 16-dBm powers for the selected modes, mirroring the power levels of the
OIL-based multi-channel photonic RF signal generation system. These optical amplifiers
incorporate a noise figure of 7.5 dB, derived from a commercial amplifier (C-Band booster
and semiconductor optical amplifiers from Thorlabs). Consequently, an increased noise
floor is anticipated in the optical spectrum due to amplification.

Figure 6a,b illustrate the spectrum of dual-channel RF signals generated by both
the passive and OIL-based photonic RF signal generation configurations for 30-GHz and
60-GHz RF signals, respectively. The multi-channel photonic RF signals, produced using
the proposed OIL system, demonstrates a significant noise reduction and an improved
SNR of 1.3 dB and 3.6 dB at 30-GHz and 60-GHz signals, respectively. The SNR values
are obtained through the carrier analyzer element included in the Element Library of the
Lumerical INTERCONNECT simulator. This improvement is attributed to the absence of
amplifier-induced noise within the simulation scope. In practical experiments, the passive
multi-channel photonic RF signal generation system may experience a degradation in
signal performance due to additional loss and noise introduced by various components,
including optical filters and connectors. Remarkably, relying exclusively on active devices,
specifically employing optical injection locking of OFC and an array of TWL for signal
selection and amplification, not only delivers superior performance but also offers cost-
effectiveness, increased energy efficiency, and system simplicity for multi-channel photonic
RF signal generation.
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_ 30 GHz oiL — 60 GHz oIL
€ ot \ € ot ‘
3 | 3
20 T =20t r
$ | $
9-40} 1 g-40f { . -
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10
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"
- 0
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Figure 6. Spectrum of dual-channel RF signals generated by both the passive and OIL-based photonic
RF signal generation configurations at (a) 30-GHz RF signal and (b) 60-GHz RF signals, respectively.

Subsequently, we conducted a simulation on data modulation performance using
the dual-channel photonic RF signals as carriers. Specifically, instead of modulating the
RF carriers in the RF domain, we modulate the optical signal to leverage the benefits of



Photonics 2024, 11, 143

10 of 12

optical modulation. In this simulation, we introduce data modulation to the 193.145-THz
optical mode for both photonic RF signal generation systems. This analysis aims to assess
the feasibility of data transmission and enables a comprehensive comparison between
the passive and the OIL-based methods. In the passive multi-channel photonic RF signal
generation system, an external amplitude modulator is employed after an optical amplifier,
as illustrated in Figure 4a. Conversely, in our proposed system utilizing OIL lasers, commu-
nication data is embedded into the 193.145-THz optical mode through direct modulation of
the bias current on the TWL, as depicted in Figure 4b. The pseudo-random bit sequence
generator generates a 3-Gbps non-return-to-zero pulse for data transmission.

In our eye pattern analysis, we employ the Eye Diagram tool from the Element Library.
Figure 7a,b present the eye patterns of 3-Gbps non-return-to-zero pulses for 30-GHz RF
carriers, illustrating the transmitter signal quality through external modulation of a passive
multi-channel photonic RF system and direct modulation of an OIL-based multi-channel
photonic RF system, respectively. The passive multi-channel photonic RF signal generation
system exhibits a narrowed opening of the eye pattern, attributed to amplified noise
resulting from the use of optical amplifiers to compensate for signal loss caused by passive
optical components including optical bandpass filters and optical modulators. On the other
hand, the OIL-based multi-channel photonic RF signal generation system demonstrates a
significantly broader eye-opening diagram, as shown in Figure 7b. The similarity in the
width of the eye-opening in the modulated signal at 60-GHz RF signals for both passive
multi-channel photonic RF signal generation (Figure 7c) and the OIL-based case (Figure 7d)
confirms the superior performance of direct modulation in the OIL-based multi-channel
photonic RF signal generation system.
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Figure 7. Eye patterns of 3-Gbps non-return-to-zero pulses for 30-GHz RF signals, illustrating the
results obtained through (a) external modulation of a passive multi-channel photonic RF system and
(b) direct modulation of an OIL-based multi-channel photonic RF system. Eye patterns for 60-GHz
RF signals, through (c) external modulation of a passive multi-channel photonic RF system and
(d) direct modulation of an OIL-based multi-channel photonic RF system.

The improved eye opening in the OIL-based system is attributed to the enhanced
modulation performance of OIL lasers [18,19] and the combined impact of mode selection
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and amplification achieved through the injection locking between an OFC and a SL array
for multi-channel RF signal generation. Significantly, this system eliminates the need
for external optical components, including optical filters, modulators, and amplifiers.
This not only efficiently reduces associated noise levels but also facilitates a cost-effective
system configuration.

4. Conclusions

In this work, we proposed and conducted theoretical simulations for a novel multi-
channel photonic RF signal generation system leveraging the advantages of optically
injection-locked lasers. The system integrates comb injection into a semiconductor laser
array, incorporating an optical frequency comb as a master laser and a set of semiconductor
lasers as slave lasers for injection locking. By carefully adjusting the bias currents in each
slave laser to achieve weak-level injection, we successfully demonstrated the selection and
amplification of target comb modes while maintaining stable locking and mode coherence.
The resultant target modes were combined in a photodetector, generating low-phase-noise
RF signals suitable for advanced RF applications including multi-channel radar, multi-
channel communication, and high-quality sensing.

Additionally, by utilizing the enhanced modulation properties of optically injection-
locked lasers, we demonstrated the data modulation of a dual-channel photonic RF signal.
The optically injection-locked laser-based multi-channel photonic RF signal generation sys-
tem, by eliminating various optical components such as filters, amplifiers, and modulators,
offers notable advantages such as enhanced RF signal quality, broader eye pattern, and
simplified configuration compared to conventional passive photonic RF systems. This tech-
nology emerges as a promising candidate not only for multifunctional and multi-channel
systems spanning communication, sensing, and imaging within a single hardware platform,
but also for quantum information field.
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