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Abstract— The demand for stable and tunable laser sources is 

steadily growing across a wide range of applications. Optical 

Frequency Combs (OFCs) have emerged as a powerful reference 

standard, offering stable frequency spacing between the comb 

tones or high optical frequency stability. To obtain low-cost 

tunable lasers with their carriers or relative frequencies locked, 

we phaselocked a commercial Telecom grade 

Integrable-Tunable-Laser-Assembly (ITLA) to an OFC. We 

demonstrate such phaselock within the telecom C-band (1527 nm 

- 1565 nm), using sub-mW OFC power corresponding to per-tone 

power down to nW regime. This enables phaselocking of large 

number of tunable lasers to the same OFC via passive splitting of 

the OFC power. We achieved short-term integrated phase noise of 

10 mrad and long-term frequency stability measured over 10 

hours below ± 0.01 Hz.  

 

 
Index Terms— phase locked, tunable laser, frequency comb, 

frequency stability, terahertz source.  

 

I. INTRODUCTION 

Optical frequency combs (OFCs) have revolutionized the field 

of metrology, where they provide a gearbox between radio 

frequencies (RF) and optical frequencies. Locking of a stable 

laser to one of the comb tones of an OFC can be used to 

generate a high-power, single-frequency signal that can be used 

in demanding metrology applications, e.g. as an optical 

frequency reference [1], as well as in diverse fields outside of 

metrology, e.g., in telecommunications, (where comb-locked 

laser based transmitters have been shown to enable doubling of 

reach [2]), and for microwave/terahertz signal generation [3]. 

In these non-metrological applications, there is often the need 

to phaselock more than one laser and/or the laser wavelength 

needs to be tunable. For example, for terahertz signal 

generation, the spacing between the two lasers needs to be 

tunable (e.g., by up to 8 nm for 0-1 THz generation). In  
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 telecommunications, wavelength of the signaling lasers is 

often required to be tunable to allow for flexible allocation of 

DWDM or flexi-grid channels. These applications are often 

strongly cost constrained, requiring low-cost OFC, low-cost 

tunable lasers, minimum and low-cost optical components, and 

cheap and low-power consuming (i.e., integrated, 

low-bandwidth) electronics for phase locking.  

To address this need, we recently suggested frequency 

locking of a telecom-grade tunable laser (ITLA laser telecom 

standard) to an all-fiber, compact, self-starting OFC using a 

low-speed digital electronics platform (FPGA, on Red Pitaya 

evaluation board [4]) [5]. Further, we showed how this method 

can be modified to allow for continuous tuning/control (not 

limited by the comb tone spacing) of the locked laser across the 

entire tuning range [5]. Such continuous tuning is difficult to 

achieve with alternative locking techniques such as optical 

injection locking [6].  

Despite this progress, the presented system required 

tunable bandpass filters (one for each locked laser) and 

relatively high power from the OFC tone to which it was 

locked, requiring optical amplification or high-power OFC. 

The OFC power requirement and tunable bandpass filters 

increased the overall cost and complexity. Additionally, 

tunable lasers usually have limited control bandwidth, which 

limits the phaselock loop bandwidth. Unfortunately, it contrasts 

with the need of high phaselock loop bandwidth required for 

tunable lasers due to their worse stability than non-tunable 

lasers usually used for phase-locking. Although previous 

studies [5]  showed ability to phase lock despite this trade-off, 

no systematic study has been carried to investigate limits of 

performance due to these limitations. 

Here, we show a systematic study of ITLA laser locking 

into an OFC. Firstly, we show that using double-PI2 

(proportional-double-integrator), PI4, phaselock loop filter as 

opposed to usually-used single PI2 enables fivefold increase of 

the loop bandwidth (reaching the ITLA laser control 

bandwidth), leading to significantly better performance in 

terms of phase noise, residual jitter, and frequency error 

variations.  Further, we investigate minimum OFC tone power 

needed for stable, low-noise phaselock and optimize the 

detection circuit to enable entire OFC comb to be used without 

any pre-filtering, eliminating the need for tunable optical 

filters. This optimization also leads to reduced requirements on 

the OFC power needed for the phaselock, enabling low OFC 

powers to be used per locked laser, increasing the number of 

lasers that can be locked with single OFC by simply passively 

splitting its power with a single 1×N coupler, Fig. 1.  
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II. PRACTICAL CONSIDERATIONS  

The envisaged system is sketched in Fig. 1. In this proposed 

configurations, requirements on the OFC in terms of frequency 

spacing, flatness (variation in OFC tones powers), and to a 

certain degree (as we discuss later) also the output power are 

not critical. We believe that one of good OFC candidates 

(especially for operation in the telecom C-band) is that 

presented in [7],[8]. It uses only few passive fiber components 

spliced together, and a single, 1480-nm telecom-grade, 

200-mW pump laser. As the OFC is not subject of our study, we 

used here an OFC available in our laboratory, which consisted 

of Menlo FC1500 oscillator, providing 0.5 mW over 77 nm 

FWHM, comb spacing of 250 MHz, further details are provided 

later. As we show later, the performance of the 

earlier-mentioned compact comb should provide a practical 

alternative.  
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Fig. 1.  The envisaged system that comprises minimum optical hardware, low 

optical powers, and low-speed electronics for ultimate power efficiency. In the 

example shown here, a low-power (e.g., 10 mW) OFC that emits over the entire 

C-band (e.g, as shown in  [7]) is passively spited by N. N can be, e.g., two for 
tunable THz synthesis or >10 for a flexigrid telecom transmitter. A set of 

Integrable Tunable Lasers Assembly (ITLA) lasers are then phaselocked to the 

desired OFC tones with arbitrary offset (for ultimate tunability), each using one 
1xN splitter output and a small tap (e.g., <10%) off the tunable lasers, supplying 

most of lasers power for the useful output. The phaselock requires very low 

comb power, e.g., sub-1 mW of the entire OFC (supporting N > 10 with 10-mW 
OFC) with corresponding per-comb power as low as 1 nW.  OC: Optical 

Coupler, PD: Photodiode. 

In terms of ITLA tunable lasers, we use telecom-grade 

ITLA-packaged lasers with maximum output power of 40 mW  

for which we set up the wavelength through their software. 

They also have modulation input to their phase section used for 

the feedback.  

For feedback control, we used FPGA-based board Xilinx 

Zynq 7010 implemented on Red Pitaya evaluation board that 

was programmed to enable two parallel PI2 controllers [4]. Its 

clock speed was modest at 64 MHz, providing low cost and low 

power consumption. As we show later, its bandwidth is 

well-matched to the modulation bandwidth of the used tunable 

lasers. 

Phase locking was performed with 30 MHz offset, however, 

this could be changed with the used FPGA boards in the range 

of 10 – 60 MHz. This could be extended to arbitrary number by 

using additional RF synthesizer and mixer, as we showed in [5].  

 

III. EXPERIMENTS 

In our vision, Fig. 1, OFC is first split passively to serve 

multiple phase-locked lasers. As such, lower OFC power 

required for phase locking of each tunable lasers would enable 

more lasers to be phase locked with the same OFC. In scenarios 

where only one or very few lasers need to be locked, this would 

reduce requirements on optical power of the OFC, reducing 

cost and power consumption. Thus, our first focus was to 

investigate minimum optical power required to lock our tunable 

lasers while characterizing the short and long-term 

performance. Firstly, we locked two identical tunable lasers to 

each other using set-up shown in Fig. 2, as this configuration 

provides signal not influenced by beating with multiple comb 

tones. This sets the benchmark of the best-achievable 

performance. Subsequently, we verified that similar 

performance and minimum power levels can be achieved when 

using OFC as master signal and characterized the performance 

using set-up schematically shown in Fig. 3. 
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Fig. 2.  Schematics of phase locking of two ITLA tunable lasers, one with 

power of 2 mW (1 mW reaching the photodetector after passing through the 
50/50 coupler) and the other with low power, ranging from 1 nW (lowest power 

at which we achieved stable lock) to 10 nW (2-20 nW prior to the 50/50 

coupler). VOA: Variable Optical Attenuator, PC: Polarization Controller, LPF: 

Low Pass Filter.  
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Fig. 3. Schematics of phase locking of ITLA tunable laser to OFC with power 

set at 2 nW for comb tone used for locking (1 nW reaching the photodetector).  
VOA: Variable Optical Attenuator, PC: Polarization Controller, LPF: Low Pass 

Filter. 
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The used C-band tunable ITLA lasers provided 40 mW 

output power. Their phase section that controls the laser carrier 

frequency was used for the feedback. We measured its 

bandwidth to be 100 kHz. The used OFC (total power: 0.5 mW, 

comb tone spacing: 250 MHz, 10-dB bandwidth: 77 nm) has its 

spectrum measured by Optical Spectrum Analyzer (OSA) with 

resolution of 0.5 nm shown in Fig. 4, where individual tones are 

not resolved due to their close spacing. Per-tone power was 1.1 

nW at 1530 nm, 2.3 nW at 1550 nm, and 3.7 nW at 1565 nm.  
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Fig. 4. Spectrum on the used OFC with total power of 0.5 mW and per-comb 

powers of 1.1 nW at 1530 nm, 2.3 nW at 1550 nm, and 3.7 nW at 1565 nm.  

 

After combining the two signals at 50/50 coupler, the 

beating signal was detected with an amplified detector (Menlo 

FPD310), which had bandwidth of 10-1000MHz and maximum 

input power of 2 mW. As our OFC got power below 1 mW, we 

decided to keep tunable laser power at the photodetector input 

fixed at 1 mW, avoiding detector saturation even when using 

full OFC power for the photodetection, but at the same time, 

ensuring optimized signal-to-noise ratio, as the total power 

incident to the photodetector was always above 1 mW (above 

half of its maximum power). At the same time, 2 mW tapped 

off the tunable laser (corresponding to 1 mW incident to the 

photodetector after passing through the 50/50 combiner) is 

suitably small fraction of the total tunable laser power of 40 

mW, ensuring most of the laser power can be used in 

applications.    

The photodetected signal was low-pass filtered with a 

50-MHz low-pass filter, isolating the 30-MHz beating of the 

two lasers (as mentioned earlier, we target locking at 30 MHz 

offset). This also filters out high-frequency noise and beating of 

comb tones and of the signal with other comb tones. The 

beating signal was then  amplified using RF amplifier 

(Mini-Circuits ZFL-500HLN+) and subsequently split in three: 

for long-term measurement, short-term measurement, and for 

providing the feedback, Fig. 2 and Fig. 3. The phaselock 

controller based on Red Pitaya evaluation board had two 

independent inputs and outputs and we used each of them as a 

proportional-double-integrator (PI2) controller implemented as 

described in [4]. The input (beat) signal to the controller had 

frequency of 30 MHz and peak-to-peak amplitude of  0.6 V. 

The  two Analog to Digital Converters (ADC) had full scale 

voltage range of 1 V. The digitized beat signal was filtered 

with a digital bandpass filter with a bandwidth of 3.8 MHz. Its 

control bandwidth was primarily limited by the delay 

associated with the input analog-to-digital and output 

digital-to-analog conversions delay and was estimated to be 

225 kHz [4]. We fed the error signal into both controllers via a 

passive RF splitter. After parallel processing of the two 

identical signals with the two independent PI2 controllers on the 

Red Pitaya board, we combined both outputs using a passive 

RF combiner. Combined their output, implementing two 

double-integrators gain (PI4) controller. In practice, this could 

be realized using a single input and single output and 

re-programming the FPGA, which we plan to implement in the 

future, enabling using one Red Pitaya for locking of two lasers. 

The feedback bandwidth is expected to be limited mainly by the 

laser modulation input bandwidth (100 kHz), with all other 

components having bandwidth >200 kHz.  

 

A. Short-term stability measurement 

Short-term stability (observation time below 0.1 s, 

corresponding to >10 Hz) was characterized using digital phase 

detector and subsequent spectrum analysis of the obtained 

signal. Digital phase detector has several advantages over 

often-used frequency mixer. Firstly, it has low cross-sensitivity 

to amplitude noise. Further, it has larger dynamic range not 

limited by the periodic 2 variation in the response.  

As mentioned earlier, we investigated phase locking of two 

lasers first, as shown in Fig. 2. Subsequently, Error! 

Reference source not found. shows phase noise measured for 

the lowest power (measured at the photodetector input) for 

which we could achieve stable phase lock of 1 nW, as well as 

for slightly higher powers of 5 nW and 10 nW, both for locking 

two tunable lasers and a tunable laser lock to OFC. Unless 

stated otherwise, we used PI4 controller for the feedback.  
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Fig. 5.  Phase noise of beat signal between two tunable lasers with powers of 1 

mW and 1-10 nW, respectively. 

 

 

The phase noise above 80 kHz offset frequency corresponds 

to that of the free-running lasers, as we show later. Below 80 

kHz, the feedback produces phase noise that inversely 

decreases with offset frequency, as expected for well-designed 

phase locking system. The difference observed when varying 

laser power (in the range of 1-10 nW) is observed at low 

frequencies below 100 Hz, reaching few dBs difference at 10 

Hz. We believe this small difference comes from 
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environmentally – related noise, as signal in this low-frequency 

region kept slightly fluctuating with time. The key conclusion 

is that 1 nW (-60 dBm) provides sufficient power for phase 

locking with minimum penalty on the performance.  
 

Subsequently, we exchanged one tunable laser with our OFC, 

Fig. 3, and performed locking of a tunable laser to the OFC with 

identical per-tone power as used in the locking of two lasers of 

1-10 nW. Unlike previous studies, we used the entire comb 

signal (77-nm bandwidth) for photodetection, avoiding any 

tunable optical bandpass filters, reducing the cost considerably 

while keeping maximum per-tone OFC power for 

photodetection. The results is shown in Fig. 6. We observe very 

similar performance to that obtained when locking two lasers, 

Fig. 5. This demonstrates negligible penalty from the large 

number of comb tones incident to the photodetector.  
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Fig. 6.  Phase noise of the beat signal between a tunable laser (power of 1 mW) 
and OFC with per-tone power of 1-10 nW at the wavelength of 1550  nm. 
 

In the following study, we focus on detailed characterization 

of our OFC-locked tunable laser set-up (Fig. 3) using 1 nW 

per-tone OFC power. Fig. 7 shows comparison of phase noise 

measured on beating of the free running laser with the OFC 

comb tone and noise obtained when using PI2 and PI4 

controllers. Their optimum parameters, optimized by observing 

phase noise while varying them, are summarized in Table 1 and 

Table 2. Fig. 7 also shows the noise floor measured by 

connecting the measurement input port of the digital phase 

detector with a copy of the reference signal.  
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Fig. 7. Phase noise of the beat signal between a tunable laser (power of 1 mW) 

and OFC with per-tone power of 1 nW at the wavelength of 1550  nm for 

free-running laser (blue), when phaselocked using one double-integrator  (PI2, 

blue), and using two double-integrators (PI4, green). Measurement noise floor 

is also shown (grey, dashed).  

 

TABLE 1 Optimum parameters for single PI2. 

Quantity Value 

Proportional gain, kp 7.3 

Integator gain ki 1.74×104 

2nd Integrator gain kii  1.66×103 

 
 

TABLE 2 Optimum parameters for two PI2 (PI4) 

Quantity First PI2 Second PI2 

Proportional gain, kp 2.6  12.5 

Integator gain, ki 1.2×106  1.38×103 

2nd Integrator gain  kii 3.02×102  2.34×104 
   

 

The result shows that PI4 enabled us to achieve higher 

control bandwidth (from 20 kHz to 100 kHz) and better noise 

suppression at low offset frequencies than with the PI2 

controller. Further, PI4 gives reductions of 13 and 20 dB in 

phase noise at 1 and 10 kHz from the carrier frequency, 

respectively, as compared to PI2. The PI2 and PI4 suppress the 

phase noise by 78 dB to 87 dB at 10 Hz offset frequency as 

compared to the free running laser. The phase noise at 10 Hz 

obtained with the PI4 is approaching that of our measurement 

noise floor, Fig. 7. 

Further, we investigated how the performance depends on 

the wavelength. Fig.8 shows phase noise measured across the 

C-band, specifically at 1530, 1550, and 1565 nm.  Here, we see 

that the performance is similar at all wavelengths, including 

1530 nm, where the relevant comb tone has power smaller than 

comb tones at other wavelengths (e.g., over 6 dB weaker than at 

1575 nm, Fig. 4), showing robustness of this technique to 

non-uniformity in the OFC power across its spectrum.   

 

101 102 103 104 105 106
-140

-135

-130

-125

-120

-115

-110

-105

-100

P
h
a

s
e

 N
o

is
e

 (
d

B
c
/H

z
)

Offset Frequency (Hz)

 1530 nm

 1550 nm

 1565 nm

Fig. 8.  Phase Noise of beat signal of locking tunable laser to the OFC at 

different wavelengths with relevant OFC power set to 1 nW. 

 

 

Finally, we calculated phase noise jitter by integrating the 
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phase noise measured with the PI2 and PI4 controllers, Fig. 9. 

When integrating over the entire measurement bandwidth (10 

Hz – 1 MHz), we have obtained 35 mrad for PI2 and 10 mrad 

for PI4, respectively. Given the limited bandwidth and low-cost 

electronics used, this represents good performance, e.g, jitter 

more than 100 times lower than reported in [9]. 
 

101 102 103 104 105 106
10-7

10-6

10-5

10-4

10-3

10-2

Offset Frequency (Hz)

In
t.
 P

h
a

s
e

 N
o

is
e

 (
ra

d
2
)

 PI2

 PI4

 PI4

 PI2

 ¾¾  Integrated Phase Noise

 ¾¾  Phase Noise

-160

-140

-120

-100

-80

 P
h
a

s
e

 N
o

is
e

 (
d

B
c
/H

z
)

 

Fig. 9.  Phase noise jitter calculated from the measured phase noise of 

OFC-locked tunable laser (with per-tone power of 1 nW) when locked using PI2 

and PI4 feedback controller.  

 

B. Long-term stability 

Long-term stability (observation times over 100 µs or 1 s, 

corresponding to frequencies below 10 kHz and 1 Hz, 

respectively) were measured using a frequency counter 

(Keysight 53230A).  

Firstly, we measured frequency error over time when setting 

sampling time at 1 s. We performed this measurement over 10 

hours to show robust and stable locking. The result is shown in 

Fig. 10. for both, PI2 and PI4 control. The peak-to-peak 

frequency error stayed within ±0.01 Hz for PI4, which is about 

five times better than obtained with the PI2, showing that the 

benefit of PI4 is significant even over long observation times. 

The achieved performance is good, e.g., 100 times lower 

frequency variation (with PI4) when compared to the results  

shown in the literature, e.g., in [10]. 

 

 

 
Fig. 10. Frequency error of OFC-laser beat signal with one double-integrator  
(PI2) and two double-integrators (PI4) using 1 s gate time, measured over 10 

hours. 

 

Further, we calculated Allan deviation from the data show in 

in Fig. 10 and complemented them with data measured at 

shorter gating time (4  µs) to obtain Alan Deviation data over 

averaging times of 100 µs to 1000 s, Fig. 71. Between 100 µs 

and 100 ms, Allan deviation has slope of -1. For longer 

observation times, the slope is reduced, likely due to 

low-frequency drift in our setup. Importantly, PI4 result is for 

all averaging times about one order of magnitude better than 

that obtained with the PI2. At 1 s averaging time, the stability 

with PI4 is 2×10-14.   
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Fig. 7. Allan deviation calculated from the frequency counter data when a 

tunable laser is locked to the OFC using two double-integrators (PI4)  and one 

double-integrator (PI2), normalized to the laser carrier frequency (192 THz).  

  

C. Discussion 

In our work, we focused on performance characterization of a 

single tunable laser locked to the OFC. In practice, more lasers 

could be locked to the same OFC by passively splitting it, as 

outlined in our vision, Fig. 1. Locking two lasers to different 

parts of the OFC spectrum with subsequent photomixing [11]  

can be used to generate RF signals, up to 4.5 THz when 

considering the used C-band tunable lasers or up to 9 THz when 

combining one C-band and one L-band tunable lasers. The key 

advantage of OFC-locking is the strongly-reduced phase noise 

of the generated beat signal as compared to beat produced by 

two independent lasers. Let us estimate performance achievable 

in such configuration. Each laser is locked to the respective 

comb tone and the fractional frequency stability of this locking 

can be calculated by re-normalizing data shown in Fig. 7 to the 

frequency spacing between the two lasers and multiplying by 

√2 to account for two lasers. The result for averaging time of 1 

s and different laser spacing is shown in  

Fig. 8. As expected, the fractional frequency instability is 

improving with frequency spacing between the lasers, as the 

locking stability remains constant, but the frequency difference 

increases. We also plot fractional frequency instability of our 

OFC limited by its RF reference  (Timetech 5.10) of 5x10-13 at 

averaging time of 1 s. We can conclude we are not limited by 

the stability of our OFC, as the stability of the two laser beating 

is lower than that of our OFC. However,  OFC with 

lower-quality RF reference (e.g., with instability in the 10-11 

level at 1 s) would result in the beating being limited by the 

OFC rather than our locking. As this is level of RF reference 

found in typical crystal oscillators (as compared to our 
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laboratory-grate high-quality RF reference), it is expected that 

the OFC performance will be typically the limiting factor, with 

our laser phase locking providing smaller contribution to the 

overall stability, showing more than sufficient level of phase 

locking performance.  

For comparison, we also show fractional frequency 

instability from other sources (adapted from [13]) in  

Fig. 82. Better results are obtained with high-quality OFCs 

[13], however, comparing to photomixing two CW lasers [14], 

[15] [16], our technique shows up to 2 orders of magnitude 

better  fractional frequency instability for frequencies above 0.1 

THz. It also gives comparable result to photomixing using a 

microcomb [17], [18] or a quantum cascade laser [19], [20], 

[21]. Both these techniques, however, lack tunability provided 

by our technique.  
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Fig. 82. Fractional frequency instability of the beat signal at 1 s averaging times 

for various beat frequencies expected from our system and its comparison with 

the state-of-the art terahertz sources (adopted from [13]). 
 

 

Given the small OFC tone spacing in our demonstration (250 

MHz), it is important to consider how we could ensure that we 

pick the right OFC tone to lock to, as tunable lasers may not 

provide such fine calibration via their internal etalon. One 

option would be to use a comb with slightly higher spacing, e.g., 

few GHz in combination with beat note tuning shown in [5]. 

Another possibility would be using an etalon with free-spectral 

range smaller than that used in ITLA lasers to provide fine 

resolution of the laser wavelength. 

 

As for the PI4 controller, we implemented it via splitting the 

input signal and then feeding two independent PI2 controllers in 

parallel, combining their signal at the output. This proved 

suitable for our proof-of-concept experiment, especially given 

there are already two independent controllers  at the Red Pitaya 

board. However, a more practical implementation would be 

re-programming the FPGA board to implement directly the PI4 

controller using single-input and single-output (enabling 

locking of two independent lasers with the same Red Pitaya 

board). This should be reasonably straightforward with 

appropriate FPGA programming skills.   

 

IV. CONCLUSION 

We present a practical tunable comb-locked laser system that 

uses minimum optical hardware and telecom-grade 

components including tunable lasers and low-bandwidth 

electronics. It could be combined with a wide range of OFC 

generators, as it does not have any particular requirements on 

the OFC spectral flatness or tone spacing.  

The relatively low stability of tunable telecom lasers (as 

compared to laboratory-grade single-frequency lasers) in 

combination with limited bandwidth of the feedback 

electronics is managed through design of the phaselocking 

feedback. We show the benefit of employing two 

double-integrators and proportional gain (PI4) as compared to 

routinely-used single double-integrator proportional control 

(PI2). In particular, the peak-to-peak frequency error measured 

over 10 hours was reduced five times (to ±0.01 Hz) and Alan 

deviation at 1 s integration time achieved 2×10-14. For shorter 

observation times, phase noise improved by 10-25 dB over the 

10 Hz – 50 kHz frequency range with fivefold increase in the 

loop bandwidth.   

The developed system will be of interest to tunable THz 

waves generation or for realization of comb-locked transmitters 

for DWDM systems.  
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