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Tighter Control of Quantum Cascade Laser Frequency Combs with an

Optical Phase-Locked Loop

Audrey Zeng
Quantum Cascade Lasers (QCLs) are promising broadband spectroscopy tools for their ability to
generate optical frequency combs (FCs) in the mid-infrared range. However, their usability is hindered by
unstable performance and susceptibility to optical feedback. Previously, I demonstrated stabilization of a
comb’s two degrees of freedom — repetition rate frequency (frep) and carrier envelope offset frequency
(feeo) — through injection of an external amplitude modulated radio frequency (AM-RF) signal at
frequency of frp of the free-running QCL-FC. However, the comb’s f.., fluctuated much more at smaller
integration times less than 1 second, indicating the need for a more efficient control loop able to stabilize
comb performance on smaller time scales. An optical phase-locked loop (OPLL) was proposed for its
efficiency; additionally, commercially available OPLL systems such as Toptica’s mFALC 110 allow OPLL
integration to be a seamless process with relatively few optical components needed. This project
determined the workings of the mFALC 110’s OPLL and high-speed linear control amplifier circuit and
characterized its frequency response. Because the mFALC 110 has a high bandwidth but small holding
range, it was determined that a double locking loop — with the existing frequency discriminator circuit
providing "slow” locking of f.., and the OPLL providing "fast” locking — would be most effective. Thus,
the resulting design combined the existing control loop with the frequency discriminator circuit controlling
amplitude modulation of the external RF injection, and added in the OPLL to modulate the QCL-FC

driver current based on fluctuations in f..,.
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1 Introduction

Optical frequency combs (OFCs) refer to broadband radiation sources consisting of equally-spaced, phase-
locked modes [1, 2]. Because OFCs emit signals at a range of known frequencies, they are promising tools
for broadband spectroscopy. There has been much interest in OFC sources with emissions in the mid-
infrared range, which contains the rotational-vibrational modes of many gas molecules of interest. OFCs
generated by Quantum Cascade Lasers, or Quantum Cascade Laser-Frequency Combs (QCL-FCs), are one
such example of mid-infrared OFCs. QCL-FCs are additionally attractive for their capability for self-starting
comb generation, where comb generators are chip scale and require only electrical pumping as opposed to
larger, more complex optical systems [3, 4].

However, despite their advantages, free-running QCL-FCs remain extremely sensitive to optical feedback,
and reproducing comb performance remains a challenge. Comb performance can be characterized by looking
at the comb’s two degrees of freedom: the repetition rate frequency and carrier envelope offset frequency. A
comb’s repetition rate frequency (frep) is the difference in frequency between adjacent lines, which manifests
the comb’s relative phase stability. The carrier envelope offset frequency (f.e,) refers to the frequency of
the first comb line, which indicates the comb’s absolute phase stability. Knowing only these two degrees of

freedom, each comb mode f,, can be calculated with the formula:

.fn = fceo +nfrep

fceo f;ep

Intensity

Optical frequency

Figure 1: A simplified representation of a QCL spectrum in the frequency domain. The carrier envelope offset
frequency, or feeo (the frequency of the first comb mode) and the repetition rate frequency, or frep (the frequency

difference between adjacent comb lines) are shown.



Stable comb states for QCL-FCs are difficult to reproduce because maintaining specific fec, and fr.c, values is
difficult. Thus, external stabilization methods have been of great interest. The locking mechanism of interest
to this project was first demonstrated by Hillbrand et al., who showed successful control of fr., with only an
external radio frequency (RF) injection at frequency frep [5]. As opposed to other control methods, which
commonly involve locking the frequency comb to an external optical comb, control with only an external
RF injection is simple and is a promising method for deployable applications [6, 7, 8]. Control of f,., with
an RF injection was already established, and last semester, our lab was able to successfully demonstrate
control of the QCL-FC’s f.., value with the same external RF injection at f,., by modulating the amplitude
of the injected signal. However, f.., was significantly more stable over long time periods, while stability
over short time periods (<1 second) was much higher, indicating that our existing control loop was unable
to successfully prevent fast, short-term fluctuations to the same degree as long-term ones. To increase fee,
stability on shorter time scales, a fast locking loop was needed. Thus, this project investigated the use of an

optical phase-locked loop (OPLL) to provide this efficient locking loop.

2 Background

2.1 Previous QCL-FC Stabilization Work

feeo Was previously stabilized by adding amplitude modulation to the external RF injection signal. The
desired amplitude modulation would have a depth proportional to the fluctuations in frequency of feeo,
necessitating the design of a control loop to detect the frequency fluctuations of f.., and adjust the ampli-
tude modulation accordingly. The control loop design (Fig. 2) was partially inspired by the “daisy-chain”

frequency stabilization setup by Liu et al. for a deployable dual-comb spectroscopy system [9].
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Figure 2: The control loop previously used to stabilize fceo. First, a proxy signal for fc.o, called the DFB-BN; is
generated by sending the outputs of a DFB-QCL and QCL-FC into the same RF detector. The DFB-BN signal is
mixed down and sent to a frequency discriminator to convert frequency fluctuations to intensity fluctuations,
outputting a frequency-dependent error signal. This error signal is sent to a PID controller, which controls the

amplitude modulation depth of the external RF injection signal to decrease f.., fluctuations.

The stabilization control loop is divided into three main parts, indicated by the blue boxes in Fig. 2.

Part 1 demonstrates how f.., is measured. Signals from the QCL-FC and a single-mode distributed-
feedback QCL (DFB-QCL) are sent to the same RF detector. The DFB-QCL mode beats with the comb
lines of the QCL-FC, producing a signal at the difference frequency between the DFB-QCL and the nearest
modes of the QCL-FC (Fig. 3). This signal is notated as the DFB beat note (DFB-BN). The DFB-BN acts
as a proxy signal for the frequency of f.c,: as fee, fluctuates, the difference frequency between the DFB-QCL
and QCL-FC mode changes, thus shifting the DFB-BN signal proportionally.

Part 2 is the frequency discriminator circuit which converts frequency fluctuations of the DFB-BN to
intensity fluctuations. The DFB-BN signal is first mixed with a local oscillator (RF-LO) signal that has

frequency 68 MHz higher than the DFB-BN signal frequency, producing a mixer output signal with frequency



68 MHz (a frequency on the slope of the frequency discriminator). The mixed down signal is sent through
filters and a low noise amplifier (LNA) to increase the signal-to-noise ratio before being fed to the frequency
discriminator. This output is sent to a log amplifier alongside a 20 dB offset intensity to prevent intensity
fluctuations of f.., from being interpreted as fluctuations in the DFB-BN frequency. The resulting output
signal of the log amp is used as an error signal.

In part 3, the aforementioned error signal is sent to a PID controller (integrated into a Toptica Digilock
110 module). The PID controller outputs a voltage dependent on the error signal from part 2, controlling

the amplitude modulation depth of the injected RF signal correspondingly, closing the control loop.
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Figure 3: Generation of the DFB-BN, a proxy signal for fceo. The top box is a simplified representation of the
spectra of the QCL-FC and DFB-QCL. The single comb mode of a DFB-QCL (the red spectrum) beats with the
closest comb mode of the QCL-FC (the blue spectrum), to produce a DFB-BN signal at the frequency of their

difference, as shown in the spectrum analyzer data in the bottom box.

Fluctuations of fee, over time were quantified by calculating the Allan deviation [10]. Allan deviation is
the square root of Allan variance, or two-sample variance. Allan variance is dependent on the time period
between the two samples, hence its representation as a graph rather than one value. For a given integration
time, the Allan variance can be understood as the relative root mean square value between two samples

separated by the specified integration time.



When the QCL-FC was operated with an amplitude-modulated RF injection controlled by this loop,
feeo frequency fluctuations decreased significantly. While the Allan deviation of f.., was roughly the same
when the comb was free-running and injected with an unmodulated RF signal at frequency frep, the Allan
deviation of f.., when the laser was injected with the amplitude-modulated RF signal decreased by an order
of magnitude (Fig. 3).

Though Allan deviation values decreased overall with the amplitude-modulated injection signal, there
is still room for greater stabilization for lower integration times, highlighted in green in Fig. 4. The
Allan deviation values for these lower integration times remained significantly higher than the deviation
values for higher integration times, indicating that short-term stability of f.., could still be improved. This
necessitates a more efficient control loop to react faster to fluctuations in f..,. Ideally, the new control loop
to be implemented would be efficient enough to achieve Allan deviation values as low as 10~! for integration
times on the order of magnitude of hundreds of us. One such possibility for a more efficient control loop is

the use of a optical phase-locked loop (OPLL).
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Figure 4: Allan deviation of fec, frequency when the QCL-FC is free-running, is injected with an unmodulated RF

signal at frequency frep, and when it is injected with an amplitude-modulated RF signal at frequency frep. The

Allan deviation for lower integration times, highlighted in green, could be improved
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3 Phase-Locked Loops

A phase-locked loop (PLL) is an efficient control loop which outputs a signal whose phase (and therefore, also
frequency) matches that of a provided reference input signal. A basic PLL circuit consists of 3 components:

a phase detector, a low-pass filter, and a voltage-controlled oscillator (VCO) (Fig. 5).

PD LPF

| Input signal I ®

&

@ I Output signal |

Figure 5: A basic PLL circuit. The input signal is fed to a phase detector (PD). The phase detector output is then
filtered by a low pass loop filter (LPF), before being fed to the voltage controlled oscillator (VCO), which generates

an output signal also fed into the PD.

The phase detector detects the difference in phase between the input signal and the output signal generated
by the VCO. Phase detectors commonly use a multiplier circuit to output signals representing the phase
difference: given two signals with phases ¢; and ¢, and assuming the phase difference is small, the phase

detector will produce the following output:

sin(¢1 — ¢2) n sin(¢1 + ¢2) ~ b1 — P2 n sin(¢1 + ¢2)

sin ¢ cos ¢g = 5 5 5 5

The second sinusoidal term is filtered out, leaving only the desired phase difference as the output voltage.

This output is then passed to the loop filter (LPF), which helps determine loop dynamics and limits unwanted
outputs from the phase detector. The filter output is passed to the VCO, which generates a signal whose
frequency depends on the input voltage [11]. The VCO output is fed back into the PD for further phase
comparison with the reference signal until the phase difference is 0. When the difference becomes negligible,

the PLL is ”locked,” and the frequency and phase of the output signal match that of the input signal.
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3.1 Optical Phase-Locked Loops

Optical phase-locked loops (OPLLs) are PLLs where the input and output signals are optical, such as in

Fig. 6. Since the goal of this project is to control the frequency of a laser, an OPLL was used.

Offset frequency
v
Reference signal
A/
/\/
- PD LPF
Input signal

Figure 6: A basic heterodyne OPLL circuit. An input signal is sent to a detector, then fed to a phase detector (PD)
along with a reference signal at the desired frequency of the input signal. The PD output it sent through a loop

filter (LPF) before being fed back into the driver of the input signal.

A heterodyne OPLL uses two lasers to lock one: the laser of interest. The laser of interest (commonly
referred to as the “slave laser”, but in our case, the DFB-BN) provides the input signal, and the other (the
“master laser,” for this project: a generated LO signal) provides a reference signal at the desired locking
frequency. The two laser outputs are sent to an optical detector, whose output is fed to a phase detector,
similar to a PLL. The phase detector can also incorporate an additional input signal at the desired frequency
difference between the reference and input signal (the offset frequency). The PD output is sent to the loop
filter. The filter output is then sent back to the input signal laser driver to lock the input signal [12].

OPLLs provide efficient locking of the input signal, making them a desirable choice of control loop for the
intended goal of improving locking for shorter time frames. Additionally, commercially available OPLL
modules, such the Toptica mFALC 110, combine both an OPLL and controller circuit into one unit, making

an OPLL a convenient and cost-efficient method to integrate into the QCL-FC control loop.
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4 OPLL Investigation

4.1 mFALC 110 Operation

In order to determine how to use an OPLL to control f..,, the operation of the Toptica mFALC 110 module,
the chosen OPLL component, had to be understood. The module consists of an analog RF phase detector
and a high-speed, linear PID controller, with inputs, outputs, and PID controller settings accessible from

the module’s front panel (Fig. 7).
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Figure 7: The front panel of the mFALC 100, split into 2 groups of components. Box 1 indicates the function of each

port. Box 2 is a Bode plot explaining how each group of pins affects the response of the internal PID controller.

The module has 3 input ports. The RF input port is for the signal of interest, and the LO input port is for
the reference signal which the signal of interest is to be locked. Inputs from the RF and LO ports are sent
to the internal analog RF mixer for phase detection, then sent to the PID controller circuit, which outputs a
frequency-dependent error signal at the main output port. The monitor output port is the difference between

the setpoint and main outputs accounting for input gain and offset, and is described by the following equation:

(Vietpoint — Vinain) * input gain + input offset

The monitor output port is meant primarily for viewing the phase error signal on an oscilloscope. The set
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point input is used to set the desired frequency difference between the RF and LO signals.

The transfer function of the module’s internal high-speed control circuit can be adjusted through pins on the
front panel. Each group of pins controls the slopes of the magnitude and phase response for a given subset
of frequencies, as shown in box 2 of Fig. 7. The main gain knob below the pins can tune the gain of the

main output from 0 to + 2V.

4.2 OPLL Characterization

After determining the module’s capabilities, its frequency response was characterized. The main goal was to
determine the OPLL’s holding range, or how large the frequency difference between the RF and LO signals
could be in order for the OPLL to still lock the RF signal. To experimentally determine the locking range,

the module was set up as shown in Fig. 8.

sine signal: 500mV
varying freq.\

sine signal: 400mV
60MHZz]

MALAAAAAAQND
VVVVVYVYVUTY

DMMJ ® =

oscilloscope -

50Q terminator 1

mFALC 110

Figure 8: The module setup to determine holding range. A reference sine signal with amplitude 400 mV and
frequency 60 MHz was inputted into the LO input port. The RF input port was fed a 500 mV sine signal whose
frequency was tuned up and down from 60 MHz to determine when the output voltage (measured with a DMM

from the main output port) stopped changing proportionally to changes in the RF input frequency. An oscilloscope
was connected to the monitor port to monitor the error signal, and a 50 €2 terminator connected to the set point

input, as no set point frequency was desired.

Function generators (Tektronix AFG3102) were used to generate sinusoidal inputs for the RF and LO
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input ports. A digital multimeter (DMM) was connected to the main output port to monitor the voltage’s
frequency response. An oscilloscope was connected to the monitor output port for additional confirmation
of the voltage shown on the DMM. A 50  terminator was connected to the set point input to prevent
unwanted impedance mismatches and indicate to the OPLL to lock the RF signal to the exact frequency of
the LO signal. The LO signal was set as a 400 mV sinusoidal signal at frequency 60 MHz. The RF input
was a 500 mV sinusoidal signal. Its frequencies were tuned both up and down from 60 MHz at step sizes of

5 kHz and 1 kHz, and the voltage of the main output port was monitored. The results are shown in Fig. 9.
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Figure 9: Frequency Response of the mFALC 110 module for a LO signal with frequency 60 MHz. The holding

range (roughly 10 kHz) is highlighted in red.

The holding range of the OPLL is the range at which the main voltage output changes proportionally to
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the input RF frequency. For when the RF signal had a frequency both below and above that of the LO
signal, the holding range was around 10 kHz. Since f.., of our QCL-FC can drift as much as 10 kHz in less
than a minute, it is insufficient to implement the OPLL on its own to lock f..,. Partially inspired by the
work of Westberg et. al, it was decided to instead propose a stabilization method with two control loops:
the frequency discriminator circuit discussed previously and the OPLL [13]. The frequency discriminator
circuit would stabilize f.., for it to fall within the locking range of the OPLL, which would then provide the

efficient high-speed locking originally desired.
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5 Proposed Implementation
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Figure 10: The double control loop to stabilize the QCL-FC. The slow frequency discriminator control loop was

kept to modulate the amplitude modulation depth of the external RF injection, which has bandwidth of <100 kHz.

The bandwidth of the QCL-FC driver is larger at <2-3 MHz. Thus, the output of the OPLL, which provides faster

locking, is to be connected to the laser driver to modulate laser driver current. The DFB-BN signal and a local

oscillator reference signal (OPLL-LO) would be fed into the OPLL for locking.
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Figure 11: mFALC 110 setup for locking. The DFB-BN signal would go to the RF input port. An externally
generated LO signal, whose frequency is determined by the DFB-BN frequency after it is stabilized by the slow
locking loop, is fed into the LO input port. The main output port would be connected to the QCL-FC driver.
Depending on the desired setpoint frequency, a terminator or sinusoidal signal would be inputted into the set point

input port.

Fig. 10 shows the proposed implementation of the double control loop; the frequency discriminator loop
would provide slower locking of the laser, stabilizing it enough for the OPLL to provide faster locking. Fig.
11 shows the corresponding proposed setup of the mFALC 110. The DFB-BN detected by the RF detector
is sent to both the mixer in the frequency discriminator circuit (as before), and the RF port of the mFALC
110. An additional reference signal, denoted the OPLL-LO, will be generated and fed into the LO port of
the mFALC 110. The frequency of the OPLL-LO would be determined by the initially stabilized frequency
of the DFB-BN after applying control by the frequency discriminator circuit. The main output port of
the mFALC 110 would be connected to the QCL-FC driver to modulate the laser driver current, as the
laser driver has a larger bandwidth of <2-3 MHz. The injected RF signal’s amplitude modulation depth,
with a smaller bandwidth of <100 kHz, is still to be modulated by the previously implemented frequency
discriminator circuit. The monitor output port would be connected to an oscilloscope for monitoring, and
the setpoint input would be connected to a 502 terminator (if the DFB-BN is to be locked to the frequency
of the OPLL-LO input exactly) or an additional sinusoidal input of a desired frequency difference between

the DFB-BN and OPLL-LO.
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By combining the frequency discriminator control loop with an OPLL, this new control loop would continue
to provide the successful control demonstrated previously with just the frequency discriminator circuit, while
also improving locking efficiency on shorter-time scales, thus improving the overall stability and performance

of the QCL-FC.
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6 Conclusions

This project has thus demonstrated the design of a double-locking scheme integrating an OPLL circuit to
increase the locking efficiency of a QCL-FC. A tight lock of f,¢, by injecting an external RF signal at the
frequency of f,¢, has already been established. We previously also successfully locked f.., by controlling
the amplitude modulation depth of the external RF injection through closed-loop control with a frequency
discriminator circuit. This control loop was able to decrease the Allan deviation of f.., by an order of
magnitude for integration times above an order of magnitude of 10°.

The goal of this project was to design a control loop to increase the short-term stability of f..,, meaning a
decrease in Allan deviation values for smaller integration times up to hundreds of us. By characterizing an
already available OPLL unit and investigating its capabilities and limitations through reading literature and
experimentally determining its frequency response, it was determined that the OPLL could be successfully
integrated with the existing frequency discriminator control loop, creating a double control loop which would
provide the desired high locking efficiency.

The main limitation to this design lies in the ability of the OPLL to lock broad signals with high full
width half maximum (FWHM) values. The DFB-BN of our QCL-FC can have FWHM values of up to 20
kHz, which is greater than the efficient holding range of the OPLL. The eventual implementation of the
proposed control loop can provide insight into whether or not any further modification to the control loops
are necessary to best handle high FWHM values.

Despite this limitation, the proposed control loop remains a promising method to further stabilize QCL-FCs

to be more efficient and viable for various broadband spectroscopy applications.
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