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Abstract—We report experimental studies of a self-injection 
locking technique with optically filtered feedback and its influence 
on optical linewidth, RF linewidth, carrier side-band suppression 
and frequency stability of a monolithically integrated InP passive 
mode-locked laser. We use a Fabry-Perot etalon as the photonic 
filter placed in an external fiber feedback loop for filtering 
the mode-locked laser output and subsequently self-injection 
locking. Using this technique, we demonstrate optical axial mode 
linewidth narrowing by a factor of 100x from 600 MHz to 6 
MHz, while improving the RF linewidth by a factor of 50x from 
109 kHz to 2.2 kHz. The external cavity modes arising from the 
fiber feedback loop were suppressed by 20 dB, while the phase 
noise at 200 kHz offset from the carrier is suppressed by 35 dB. 
Finally, we implement a coupled optoelectronic loop by using 
the photo-detected output from the self-injection locked laser 
and provide feedback to drive the integrated electro-absorption 
modulator in the laser cavity. The coupled optoelectronic loop 
is referenced to an external RF source to transfer the stability 
and further improve the noise performance of the self-injection 
locked laser. The Allan deviation at 10 s averaging time is 5 x 
10-12, showing an improvement of 5 orders of magnitude over 
passive mode-locking operation. 

Index Terms—Semiconductor mode-locked laser, photonic in- 
tegrated circuit, injection locking, coupled opto-electronic loop. 

 

I. INTRODUCTION 

EMICONDUCTOR mode-locked lasers are a compact 

and versatile optical frequency comb sources. Optical 

frequency combs are critical for a wide range of applications 

such as laser ranging [1], high-speed optical interconnects 

[2], frequency synthesis, spectroscopy and photonic signal 

processing [3], [4]. Semiconductor mode-locked lasers (MLL) 

are capable of generating widely spaced frequency combs 

ranging from a GHz to few 10’s of GHz, with potential for 

wide ranging applications such as telecommunications [5], 

optical frequency division and low-noise microwave signal 

generation [6], [7]. Chip-scale integrated MLL’s based on 
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CMOS compatible material platforms such as InP, InP on 

silicon and InGaAs/AlGaAs on silicon have been demonstrated 

in the past [8] offering high volume manufacturing capability. 

In addition, semiconductor MLL’s also offer high efficiency, 

ease of operation and access to a myriad of wavelengths. 

Most of the applications benefit from the comb sources with 

widely spaced optical modes with narrow optical linewidth 

and good frep stability. However, semiconductor monolithic 

MLL’s with comb spacing of 10’s of GHZ often produce 

axial mode linewidths on the order of 10’s - 100’s of MHz 

due to waveguide losses, frequency noise/jitter and gain sat- 

uration among other factors [9]. Multiple techniques have 

been demonstrated in the past improving the performance of 

the chip-scale MLL’s. One of these techniques employ an 

external fiber loop feedback (loop length - 120 m) and a 

narrow linewidth CW laser for injection locking to suppress 

instabilities and reduce the phase noise closer to the carrier, 

resulting in RF linewidth narrowing from 100 kHz to 1 kHz 

[10]. Although the noise performance closer to the carrier 

improved, the supermodes from external fiber feedback loop 

remain unsuppressed and no optical linewidth improvement 

was reported. Another approach that uses a coupled optoelec- 

tronic oscillator (COEO) technique and an external narrow 

linewidth CW laser for injection locking has been demon- 

strated [11], showing improvements in frep stability, RF and 

optical linewidth. However, the cavity modes from the COEO 

loop persists and noise reduction was only observed within 3- 

5 dB from the peak of the optical mode while rest of the noise 

remain unsuppressed. Our technique improves upon previous 

demonstrations [10], [11], by simultaneously suppressing the 

feedback cavity supermodes and improving the optical axial 

mode linewidth with higher noise suppression. 

In this paper we report an injection locking technique using 

a Fabry-Perot Etalon (FPE) as a photonic filter in conjunction 

with an external fiber loop feedback for self-injection locking 

the MLL. This paper is organized as follows: In section 

II, we introduce the concepts of injection locking, influence 

of optical/RF filtering and feedback. We discuss about the 

monolithic MLL PIC source and FPE used in the experiment. 

In section III, we discuss the improvements in RF, optical 
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to the optical filtering and self-injection locking. In section IV, 

we discuss the implementation of a coupled opto-electronic 

loop (COEL) referenced to an external RF source, to further 

improve the phase noise and frep stability of the MLL. 

© 2021 IEEE 

mailto:srinivasvarma.pericherla@ucf.edu
mailto:delfyett@creol.ucf.edu


JOURNAL OF LIGHTWAVE TECHNOLOGY 2 
 

a 
Op�cal domain 

b 
RF domain 

MLL 

- - - Filter passband MLL with fiber 
feedback 

MLL with fiber 

and filter (FPE) 
feedback 

 

 

Filter (FPE) 

 
𝜈0-𝜈rep 𝜈0 𝜈0+𝜈rep frep 

Fig. 1. Images showing the monolithic Indium Phosphide (InP) mode-locked laser source and Fabry-Perot Etalon (photonic filter) used in the experiment. (a) 
Concept mode-locked laser frequency noise and linewidth reduction due to self-injection locking. Plot shows the optical mode linewidth of the MLL under 
passive mode-locking operation (green), Etalon resonance passband (blue) and reduced linewidth of the laser when self-injection locked (red). (b) Concept 

enhancement of the RF power spectrum of the MLL frep signal (green) when injection locked with feedback from fiber loop (blue) resulting in supermode 
noise and feedback from fiber loop with a photonic filter (red) showing supermode noise suppression. 

 

II. FUNDAMENTAL CONCEPTS, MLL AND FPE 

A. Linewidth broadening and self-injection locking 

The laser linewidth broadening typically comes from phase 

fluctuations of the optical field, which comes from the fluctu- 

ations due to spontaneous emission events [12]. In addition 

to the phase noise, the noise resulting from spontaneous 

emission events also induces fluctuation in photon numbers 

leading to amplitude noise. This amplitude noise causes fluc- 

tuations in carrier density thereby changing the refractive index 

of the material resulting in frequency noise. Additionally, 

in semiconductor mode-locked lasers, the pulse interaction 

causes changes in carrier density leading to a change in 

refractive index, causing a spectral shift to longer wavelengths, 

thus resulting in broadening of the optical modes [13]. The 

linewidth broadening and chirp due to fluctuations in carrier 

density can be characterized by linewidth enhancement factor 

(α - parameter) and this can vary over the wavelength range 

[14]. In passive MLL’s the timing jitter of the pulses also 

results in additional linewidth broadening which depends on 

the square of the mode number therefore the wavelength [15]. 

This could result in the linewidth of the passive MLL comb 

to resemble a parabolic function which is a function of mode 

number/wavelength. Further, the minimum linewidth can be 

shifted from the center of the MLL spectrum due to the chirp 

of the pulses circulating the cavity [14]. 

Self-injection of lasers coupled to a high-Q resonator is 

a powerful technique and it can lead to stabilization of the 

laser frequency and significant linewidth reduction. Injection 

locking process occurs when the laser frequency gets closer to 

a resonance of the high-Q resonator within the locking band- 

width of the laser. The injection locking bandwidth depends 

on parameters such as the cavity dispersion and feedback 

strength. Self-injection locking in CW lasers has been demon- 

strated in the past using whispering gallery mode resonator 

(WGMR) [16] and high Q F-P resonator [17] achieving narrow 

linewidths. While these demonstrations mainly focus on single 

mode CW lasers, this technique can be extended and used for 

MLL combs comprising of several optical axial modes each 

separated by frep. 

Multi-tone injection locking technique [6] has been demon- 

strated in the past, where multiple axial modes from an 

external comb source are injected into an MLL, where the 

MLL frep is close to a sub-harmonic of the injected comb’s 

repetition rate. Similarly, to implement self-injection locking 

in an MLL coupled to a high Q photonic filter, the frep of 

the MLL has to be matched with the FSR of the filter and 

the MLL should also have the capability to tune the comb 

frequency independent of the frep. Fig. 1a shows the depiction 

of the optical axial modes of the MLL under injection locking 

operation. The plot in green shows the optical axial modes of 

the MLL under passive mode-locking (PML) operation, blue 

shows the resonance peaks of a photonic filter with a passband 

narrower that the linewidth of the MLL comblines and color 

red shows the optical axial modes when the MLL is operating 

in self-injection locked regime. Fig. 1b shows the conceptual 

RF power spectrum of the frep signal when the MLL is under 

PML operation (green) and RF power spectrum when the MLL 

is self-injection locked with feedback from an external fiber 

loop (blue) showing the supermodes resulting from the fiber 

loop. The depiction of the RF power spectrum (red) when 

the laser is injection locked with feedback from fiber with a 

photonic filter placed in the loop shows suppression of the 

supermodes arising from the fiber loop. It should be noted 

that the fiber feedback alone improves the noise closer to the 

carrier while introducing supermode noise at farther offsets. 

The photonic filter here helps to suppress the supermode noise, 

in addition to improving the noise closer to the carrier. 

 

B. Monolithic InP MLL and FPE 

We used a monolithically integrated Indium Phosphide (InP) 

based MLL [18] depicted in the schematic in Fig. 2. The MLL 

cavity is implemented by using a gain section, saturable ab- 
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sorber (SA), electro-absorption modulator (EAM) and a multi- 

mode interference (MMI) coupler in a racetrack configuration. 

The MLL cavity length is defined lithographically, to operate 

the laser at a fundamental frep  10 GHz. The MLL operates 

in a colliding pulse operation where two pulses counter- 

propagate in the cavity. The gain section in the cavity is 1mm 

long and placed in between the SA and EAM sections. The SA 

(length 60 µm) and EAM sections are separated by half the 

cavity length to ensure collision of the counter propagating 

pulses in both SA and EAM sections. This approach offers 

an advantage by providing equal time for the gain to recover 

from the carrier depletion, caused by each pulse propagating 

through the gain section. The EAM section is designed to 

provide 10 dB extinction, which can be used for independent 

active loss modulation to enable hybrid mode-locking without 

changing the reverse bias of the SA section. 

 

 

 
Fig. 3. (a) The optical spectrum of the MLL under PML operation, (b) 
measured optical axial mode linewidth of the MLL under PML operation 
via optical heterodyne detection technique, (c) RF spectrum of the MLL 
frep signal under PML operation, CF: center frequency (d) phase section 
response to the applied bias, plot shows variation of comb frequency (∆ν) 
and repetition rate (∆frep) with changing bias current 

 

 
Fig. 2. Schematic of the InP mode-locked laser showing the cavity elements 
and diagnostics. EAM: Electro-absorption modulator, SA: Saturable absorber, 
OSA: Optical spectrum analyzer, WS: Waveshaper, IAC: Intensity Autocor- 
relator, RFSA: RF spectrum analyzer 

 

The MLL operates at an frep  10 GHz and can be tuned 

over 50 MHz by changing the bias conditions of the gain 

and SA sections. The MLL cavity also consists of a thermally 

tuned integrated phase section to enable cavity mode tuning 

(fceo) independent of the MLL frep. The EAM section can 

also be used as a photodetector to monitor the frep signal of 

the MLL. The integrated 2 x 2 MMI coupler in the cavity acts 

as an output coupler with a 80/20 coupling ratio. An average 

power of  150 µW is coupled out using a tapered fiber. 

Optical spectrum of the MLL under PML operation is 

shown in Fig. 3a. Fig. 3b shows the optical axial mode 

linewidth one of the comb component near the center of 

the optical spectrum measured via optical heterodyne beat 

measurement technique using a narrow linewidth tunable CW 

laser. The RF spectrum of the amplified frep signal from 

the integrated EAM section, when the MLL is under PML 

operation is plotted in Fig. 3c. Fig. 3d shows the phase section 

response where plot shows the variation of comb frequency 

(∆ν) and repetition rate (∆frep) when the phase section bias 

current Iphase is varied. It should be noted that the relative 

change in ∆ν is higher compared to the ∆frep and we use 

this feature in the experiments to shift the comb frequency 

while keeping the frep relatively unchanged. 

The FPE used for optical filtering consists of two Plano- 

concave mirrors, having a radius of curvature (ROC) of 1 m. 

The mirrors are separated by 15 mm (air space), so that the 

free spectral range (FSR) of the FPE modes matches with 

the MLL’s frep. We measured the FPE resonance width to be 

49 MHz, by passing ASE from an EDFA through the FPE 

and photodetecting the beat note from the output signal. The 

mirrors are held in place by COTS mirror mounts anchored to 

a steel block for stability. An image of the FPE is shown in 

Fig. 1. Additional acoustic and thermal isolation is provided 

by placing the FPE in a temperature controlled box with 

resistive heaters and isolation foam. One of the mirror mounts 

is attached to a tunable stage that is anchored to the steel block 

to offer the coarse tunability required for matching the FSR 

of the FPE to the MLL’s frep. 

 

III. SELF-INJECTION THROUGH FILTERED OPTICAL 

FEEDBACK 

In this section we will discuss the optical filtering and self- 

injection locking process of the MLL with the FPE in the fiber 

feedback loop as depicted in Fig. 4. First the MLL is operated 

in PML operation by applying bias to the gain and SA sections. 

The coupled output from the MLL is passed through the 

circulator to avoid any back reflections and injected into a fiber 

coupled semiconductor optical amplifier (SOA) to amplify the 

signal from -10 dBm to 8 dBm. Amplified output from the 

SOA is sent through the FPE to filter the optical axial modes 

of the MLL. The light is coupled in and out of the FPE using a 

pair of achromatic focusers with a beam waist of 420 µm that 

closely matches the waist of the FPE, considering the mirror 

ROC of 1m. Insertion loss due to coupling in and out of the 

FPE is 4 dB. The filtered output from the FPE is passed 

through 20:80 coupler which keeps 20 % of the light in the 

loop which is then passed through a variable optical delay 

(VOD) and variable optical attenuator (VOA). Typically 150 

µW of average power is injected back into the MLL via the 

tapered fiber located after the circulator. After the coupling 
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Fig. 4. Schematic of the monolithic InP MLL, optical filtering and injection locking apparatus used in the experiment. EAM: Electro-absorption modulator, 
MMI: Multi-mode interference coupler, SOA: Semiconductor laser amplifier, SA: saturable absorber, FPE: Fabry-Perot etalon, VOD: Variable optical delay, 
VOA: Variable optical attenuator, ISO: Isolator, Amp: RF amplifier, OSA: Optical spectrum analyzer, WS: Waveshaper, IAC: Intensity auto-correlator, RFSA: 
RF spectrum analyzer, FC: Frequency counter 

 

losses and MMI coupler, 10 - 15 µW of injected power gets 

coupled into the MLL cavity which ensured stable operation 

in our experiments. 

For the injection locking process to occur, all three cavity 

modes i.e., MLL, fiber feedback loop and the FPE must be 

overlapped. This is done by matching the frep of the MLL 

to the FSR of the FPE which is 9.996 GHz, by varying the 

bias conditions of the gain and SA sections. After the frep is 

matched, the integrated phase section bias is varied to shift the 

comb frequency (i.e, frequency of the optical modes) , without 

affecting the frep. When the axial modes of the MLL match 

with the FPE resonances, sufficient amount of light passes 

through the FPE to initiate the self-injection locking process. 

The variable optical delay in the fiber feedback loop is varied 

to align the fiber cavity modes with that of the FPE and MLL, 

leading to further optimization of the self-injection locking. 

 

 
Fig. 5. (a) Optical spectrum of the MLL under PML (blue) and self- 
injection locking (SIL) with filtered feedback (red), (b) measured intensity 
autocorrelation of the compressed pulse under PML operation (blue) and 
compressed output pulse under SIL operation with filtered feedback (red) 

 

The optical spectrum of the MLL under self-injection 

locking (SIL) with filtered feedback and PML operation is 

shown in Fig. 5a. The optical spectrum of the MLL under 

SIL operation with the FPE as the photonic filter is noticeably 

narrower, in comparison with the PML operation. One possible 

explanation could be the optical axial mode walk-off from 

the center frequency between the MLL and the FPE due to 

dispersion mismatch. It should be noted that we have observed 

that the transmission optical spectra of the MLL through the 

FPE without injection locking looks similar to the optical 

spectrum of the MLL under SIL with FPE operation. The 

pulses coming out of the MLL under PML operation are up- 

chirped and 12.5 ps in duration. We use a programmable 

waveshaper to compress the pulses by only compensating 

for the linear chirp, thereby compressing the pulses to 5 

ps as shown in Fig. 5b, which is 3.3 times the transform- 

limited pulse duration, indicating residual high-order chirp. We 

 

Fig. 6. RF spectrum of the frep signal from the integrated EAM, (a) frep 

signal of the MLL under PML, self-injection locking without the FPE in the 
fiber feedback loop (SIL without FPE) and self-injection locking with the 
FPE in the fiber feedback loop (SIL with FPE), CF: center frequency (b) 

frep signal of the MLL operating under PML and SIL with FPE at 1 MHz 
span 

 

measure the pulses coming out of the laser under SIL operation 

to be 9 ps and up-chirped. These pulses are compressed to 6.2 

ps which is 1.7 times the transform-limited pulse duration by 

compensating for the linear chirp. It can be observed that the 

pulses under SIL operation are compressed to a higher degree, 
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implying that linear chirp is dominant in this case, which can 

be expected as the self-injection locked lasers are are known 

to exhibit more linear chirp in some cases. 

The RF spectra of the frep signal, with the MLL operating 

under PML, SIL without the FPE in the fiber feedback loop 

(SIL without FPE) and SIL with the FPE in the fiber feedback 

loop (SIL with FPE) is shown in Fig. 6a. The fiber cavity 

modes that are 8.21 MHz apart adjacent to the carrier (9.996 

GHz) are suppressed by 20 dB, when the MLL is under SIL 

operation with the FPE filtering the optical axial modes. The 

supermode spurs separated by 8.21 MHz correspond to the 

external loop length of 19 meters which includes SMF 28 and 

FPE and another 2.5 meters of SMF 28 from the tapered fiber 

and optical circulator. 

Fig. 6b shows the RF spectrum of the frep signal at 1 MHz 

span when the MLL is operating under PML and SIL with 

FPE filtering. The RF linewidth narrowed by a factor of 50 

from 109 kHz to 2.2 kHz when the laser is operated in self- 

injection locking regime. The phase noise at 200 kHz offset 

from the carrier is suppressed by 35 dB when the MLL is 

under SIL with FPE operation. An RF linewidth of 2.01 kHz 

was observed with the MLL under SIL without FPE operation, 

which came at the cost of added supermode noise and no 

optical linewidth reduction. 

 

 
Fig. 7. Measured optical linewidth of the MLL operating under self-injection 
locking with filtered feedback (SIL with FPE) via optical heterodyne with 
narrow linewidth tunable CW laser, (a) RF spectrum of the measured optical 
axial mode linewidth with RBW: 30 kHz and VBW: 1kHz, (b) measured 
optical linewidth of all 25 comb-lines within 10 dB from the peak 

 

We measure the optical linewidth of the MLL under PML 

and SIL with FPE operation, via optical heterodyne beat mea- 

surement with a narrow linewidth tunable CW laser (Agilent 

81680A). Fig. 7a shows the measured beat signal of one of the 

MLL comb-lines demonstrating a FWHM of 6 MHz, when the 

MLL is operating under SIL with FPE. This demonstrates a 

significant reduction in optical axial-mode linewidth by factor 

of 100, from 600 MHz (Fig. 3d) to 6 MHz. The influence 

of self-injection locking through filtered feedback on the 

comb-lines is studied by performing optical heterodyne beat 

measurement on all 25 comb-lines within 10 dB from the peak 

which is shown in Fig. 7b. The linewidth trend resembles an 

asymmetric parabolic shape which we attribute to the parabolic 

dependence of linewidth on the optical mode frequency [19] 

and the α - parameter [20]. 

We compare our experimental results with theoretical expec- 

tation, using the following equation [21] to estimate the optical 

linewidth, which considers the linewidth of the laser (∆νo), 

the α - parameter, power mode coupling factor β, finesse of 

the FPE (FF P ), finesse of the laser (Fl), FPE cavity length 

(LF P ) and laser cavity length (Ll). 

 ∆νo  
∆ν = 

[1 + (1 + α2)1/2 β LF P FF P  ]2 
(1)

 
l l 

∆νo is measured to be 600 MHz, α is 4.5, the evaluated value 

of β is -15 dB, FF P E is 200, Fl is 5, LF P is 15 mm, Ll 

is 9.5 mm and n is 3.16. Considering these parameters, the 

estimated theoretical linewidth is 1.84 MHz, which is in close 

agreement with the measured linewidth. The small discrepancy 

between the theoretical and experimental linewidth could be 

due to error in considered parameters and noise contribution 

from external factors. 

 

 
Fig. 8. Heatmap of the measured frep signal as the MLL goes through PML 

and SIL regimes, when the VOD in the fiber feedback path is varied. RBW: 
10 kHz, VBW: 1 MHz, span: 50 MHz 

 

We plot a heatmap of the measured frep signal in Fig. 8 

to show behavior of the frep signal in PML and SIL regimes 

when the VOD is varied. Varying the optical delay moves the 

fiber modes within the passband of the FPE. From the plot it 

can be observed that highest supermode suppression occurs at 

a delay of 40 - 50 ps, indicating optimal overlap of the fiber 

feedback modes within the passband of the FPE. 

 

IV. COUPLED OPTO-ELECTRONIC LOOP AND 

REFERENCING 

In this section we will discuss the implementation of a 

coupled optoelectronic loop (COEL) with the MLL under self- 

injection locking operation with filtered feedback as depicted 

in Fig. 9. Output from the injection locked MLL is passed 

through an isolator and a coupler which goes to the diagnostics 

and a photodetector. The photodetected signal is amplified with 

an RF amplifier and sent through a 10 dB directional coupler 
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Fig. 9. Schematic of the monolithic InP MLL, optical filtering, injection locking and coupled opto-electronic loop (COEL) apparatus used in the experiment. 
EAM: Electro-absorption modulator, MMI: Multi-mode interference coupler, SOA: Semiconductor optical amplifier, SA: Saturable absorber, FPE: Fabry-Perot 
etalon, VOD: Variable optical delay, VOA: Variable optical attenuator, ISO: Isolator, Amp: RF amplifier, Syn: RF synthesizer,  mixer: high frequency mixer, 
LPF: Low pass filter, PS: tunable RF phase shifter, P-I: Servo controller, OSA: Optical spectrum analyzer, RFSA: RF spectrum analyzer, FC: Frequency 
counter 

 

to split the signal for diagnostics and the COEL. The output 

from the directional coupler is amplified to 10 dBm with 

an RF amplifier and sent through a 3dB directional coupler, 

where one port goes to the voltage controlled RF phase-shifter 

(Micronetics CPS-4036) and the other port goes to the RF 

port of the high frequency mixer. A 10 GHz RF synthesizer 

(Agilent 8988) is used as the local oscillator input to the high 

frequency mixer. The output mixed signal from the IF port of 

the mixer is passed through a low pass filter (LPF) and sent 

to the PID servo controller that provides the control voltage 

to the tunable RF phase-shifter. Output from the RF phase 

shifter is then used to drive the integrated EAM. The applied 

RF power at the integrated EAM is 0 dBm. 

 

 
Fig. 10. (a) RF spectrum of the photodetected frep signal with the MLL 
under PML, SIL with FPE and SIL with FPE with the COEL referenced to 
an external RF source (SIL referenced), CF: center frequency (b) RF spectrum 

of the source and measured frep signal of the MLL under SIL referenced 
operation 

Fig. 10a shows the photodetected frep signal of the MLL 

under PML, SIL with FPE and SIL with FPE with the COEL 

referenced to an external RF source (SIL referenced). The plot 

shows a significant phase noise reduction when the COEL is 

locked to the RF source. At 100 kHz offset from the carrier, 

the RF spectrum of the measured frep signal shows > 15 dB 

noise suppression in comparison to the MLL under SIL with 

FPE operation and > 45 dB in comparison to the MLL under 

PML operation. The dip in the noise floor closer to the carrier 

in the case of SIL referenced operation is due to the locking 

bandwidth of the servo controller. The RF spectrum of the 

source and the frep signal of the MLL under SIL referenced 

operation is shown in Fig. 10b. The frep signal of the MLL 

closely follows the RF source confirming a good lock with the 

source, improving the noise performance as expected. 
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Fig. 11. Measured fractional frequency stability (ADEV) of the photodetected 
frep signal when the MLL is operating under PML, SIL with FPE and SIL 
referenced to the external RF source 

 

The optical linewidth, optical spectrum and pulse intensity 

autocorrelation of the MLL under SIL referenced operation 

does not show any deviation from the MLL under SIL with 

FPE operation. Finally, we used a zero dead time frequency 

counter (Pendulum 4545) to measure the fractional frequency 

stability of the frep signal of the MLL under PML, SIL 
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with FPE and SIL referenced operation. Using this frequency 

counter data, we computed the Allan deviation (ADEV) and 

plotted in Fig. 11. For the MLL under PML operation the 

calculated ADEV from the measured fractional frequency 

stability is 2.2 x 10-7 at 1s averaging time and 7 x 10-7 at 10 s 

averaging time. Under SIL with FPE operation the ADEV at 1s 

averaging time is 1 x 10-8, which is an order of magnitude 

improvement over PML operation. When the laser is under 

SIL referenced operation, the ADEV of the MLL follows that 

of the RF source, indicating the stability transfer from the RF 

source to the MLL. The ADEV at 10 s averaging time is 5 x 

10-12 which is an improvement of 5 orders of magnitude over 

PML operation. 

V. CONCLUSION AND OUTLOOK 

In this work, we presented a self-injection locking technique 

to improve the stability and noise performance of an integrated 

semiconductor mode-locked laser, using a Fabry-Perot Etalon 

as the photonic filter. This technique is implemented by 

passing the PML laser output through the FPE, whose airy 

peak width is less than the optical axial linewidth of the MLL. 

The FPE is placed in a fiber feedback loop that injects the 

filtered signal from the FPE back into the MLL to enable 

self-injection locking. When the MLL is under SIL with FPE 

operation, the RF linewidth of the frep signal narrowed by a 

factor of 50, from 109 kHz (FWHM) to 2.2 kHz (FWHM). 

In addition, the supermodes from the fiber feedback path 

are suppressed by 20 dB, due to filtering effect of the FPE. 

The optical axial mode linewidth is reduced by a factor of 

100, from 600 MHz (FWHM) for PML operation to 6 MHz 

(FWHM) for SIL with FPE operation. With the MLL under 

SIL with FPE operation, the Allan deviation of the frep 

signal shows a magnitude of improvement over the PML 

operation at 1s averaging time. Finally, we implemented a 

COEL with the photodetected signal from the MLL under SIL 

with FPE operation and referenced the system to an external 

RF source by driving the integrated EAM in the MLL cavity. 

Measured RF spectrum of the frep signal shows a significant 

improvement in phase noise and stability, showing how well 

the system inherits the properties of the reference RF source. 

The RF phase noise at 100 kHz offset from the carrier is 

improved by > 15 dB compared to the SIL with FPE operation 

and > 45 dB compared to the free-running PML operation. 

The Allan deviation at 10 s averaging time is 5 x 10-12, 

showing an improvement of 5 orders of magnitude over PML 

operation. 
Future improvements of this technique could be done us- 

ing a miniaturized FPE [22] or WGMR [23] with narrower 

passband to improve the filtering effects and compactness. 

Further optimization of the MLL cavity can be done using III- 

V on silicon approach, where InP gain and saturable absorber 

sections are deposited on silicon and utilize low-loss silicon 

waveguide for the rest of the cavity [24]. The III-V on silicon 

approach also offers potential for integrating long high-Q low- 

loss silicon spiral waveguides that can be used as a filter 

cavity coupled to the MLL [25]. These future steps towards 

integration and utilizing miniaturized components could enable 

the current tabletop system to achieve SWaP benefits, while 

offering narrow linewidth and low-noise performance mode- 

locked lasers. 
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