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Abstract: Quantum cascade lasers subject to tilted optical feedback produce periodic oscillations,
quasi-periodic oscillations, and low-frequency oscillations. This work presents the modulation
characteristics of period-one (P1) oscillations in a quantum cascade laser with tilted optical feedback.
The electrical signal at the oscillation frequency is more than 50 dB higher than the noise level, and the
electrical linewidth is less than 2.0 kHz. This electrical linewidth is about four orders of magnitude
narrower than the optical linewidth (around 16 MHz) of the free-running laser, which suggests
that the optical sidebands induced by the P1 oscillations are highly coherent with the main optical
mode. In addition, the modulation depth of the optical signal is found to be in the range of 1% to
3.5%. In addition, it is verified in the simulations that the P1 oscillations induce not only amplitude
modulation but also frequency modulation due to the phase-amplitude coupling effect.
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1. Introduction

Semiconductor lasers subjected to external optical feedback usually produce rich
nonlinear dynamics, including periodic oscillations, quasi-periodic oscillations, and chaotic
oscillations [1]. Among these dynamics, chaos is the most well-known and has been
used for applications of secure communication [2,3], random bit generation [4,5], Lidar
systems [6], and reservoir computing networks [7,8]. One type of periodic oscillations,
called period-one (P1) oscillations, have also been widely investigated. The P1 oscillations
of common laser diodes originate from the undamped relaxation resonance oscillation and
exhibit a sinusoidal-wave-like waveform [9–12]. Therefore, the P1 oscillations have been
explored for the generation of high-frequency photonic microwaves. In comparison with
common quantum well lasers, mid-infrared quantum cascade lasers (QCLs) are found to
be highly stable against optical feedback due to their picosecond carrier lifetime [13–15].
Our previous work significantly narrowed the spectral linewidth of a QCL, based on
its high stability, by using strong optical feedback [16]. However, QCLs with optical
feedback did produce low-frequency fluctuations, or chaos, under peculiar operation
conditions, such as near-threshold pump current, pulsed pump current, and low operation
temperature [17–20]. Interestingly, a secure communication link using the chaos of a QCL
has been demonstrated at a bit rate of 0.5 Mbit/s [21]. Our recent work found that QCLs
can be more easily destabilized by using tilted optical feedback, where the reflection mirror
is misaligned from the optical path [22]. In this configuration, we have observed periodic
oscillations, quasi-periodic oscillation, and low-frequency oscillations at different mirror-tilt
angles [22,23].

QCLs have been employed for gas sensing applications using a large variety of
spectroscopy techniques [24]. Among these techniques, the modulation spectroscopy
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requires a sinusoidal modulation of the laser sources, including wavelength modulation
spectroscopy (WMS) [25], frequency modulation spectroscopy (FMS) [26], and heterodyne
phase-sensitive dispersion spectroscopy (HPSDS) [27,28]. The QCLs are usually modulated
by direct current modulation or by external modulation using modulators [27,29–31] with
modulation frequencies ranging from kHz up to several GHz [25–29,32]. Since the P1
oscillations also modulate the light in a sinusoidal waveform, this modulation might
be helpful for developing modulation spectroscopy systems. Motivated by the above
applications, this work investigates the modulation characteristics of P1 oscillations in
a QCL with tilted optical feedback. It is found that the electrical signal induced by the
P1 modulation is 50 to 65 dB higher than the noise level, and the modulation depth is
in the range of 1% to 3.5%. The electrical linewidth is less than 2.0 kHz, although the
optical linewidth of the free-running QCL is as high as 16 MHz. In addition, we also
numerically demonstrate that the P1 oscillations also induce frequency modulation due to
the phase-amplitude coupling effect.

2. Experimental Setup and Results

The QCL under study was grown on an InP substrate by solid-source molecular beam
epitaxy [33]. The active region of the laser consists of 30 stages of InGaAs/InAlAs quantum
wells. The laser has a ridge width of 8.5 µm and a cavity length of 2.0 mm. The first-order
buried distributed feedback grating is fabricated on the upper InGaAs layer for achieving
the single-mode emission. The front facet of the laser has an anti-reflection coating with
a reflectivity of 1%, and the rear facet has a high-reflection coating with a reflectivity of
95%. Figure 1a shows the experimental setup for the generation of P1 oscillations. The
QCL is powered by a low-noise current source (Newport, LDC-3736), and the operation
temperature is maintained at 20 ◦C by using a thermo-electric cooler. The emitted light
is collimated by an aspherical lens with a focal length of 4.0 mm. The optical feedback
is provided by a reflector with a reflectivity of 47.5% that is placed about 61 cm away
from the QCL. The tilt-angle of the reflector is finely adjusted in the yaw direction for
the excitation of P1 oscillations. The optical spectrum is measured by a high-resolution
(0.08/cm) Fourier transform infrared spectrometer (FTIR, Bruker Vertex 80). The optical
signal is detected by an HgCdTe photodetector with a nominal bandwidth of 560 MHz. The
temporal waveform is recorded on a digital oscilloscope (OSC, Keysight DSOS604A, 6 GHz
bandwidth), and the electrical spectrum is measured on an electrical spectrum analyzer
(ESA, Keysight N9040B, 50 GHz bandwidth). As shown in Figure 1b, the free-running QCL
exhibits a lasing threshold of 245 mA and emits a single mode around 2210/cm or 4.53 µm
(see inset). The optical linewidth is extracted from the analysis of the measured frequency
noise spectrum [16]. Figure 1c shows that the optical linewidth is around 16 MHz. The
slight increase in the linewidth with the pump current can be attributed to the non-uniform
carrier distribution induced by the spatial hole-burning effect [34,35]. On the other hand,
the small fluctuations of the linewidth at 270 mA and 290 MA are due to the fact that
the operation temperature is slightly tuned at each pump current to meet the frequency
requirement of the frequency discriminator [16,36].

When the reflector in Figure 1a is well aligned with the optical path (tilt angle is
zero), the QCL remains stable and produces continuous-wave output. When the reflector
is tilted in the yaw direction, however, the QCL loses its stability and produces periodic
oscillations at small tilt angles, quasi-periodic oscillations at moderate angles, and low-
frequency oscillations at large angles. For details of the oscillation dynamics, refer to [22,23].
The generation of the above nonlinear dynamic is attributed to the non-degeneracy of
odd-order round-trip reflections with the even-order specimens, which arises from the
tilted optical feedback [37,38]. This work focuses on the P1 dynamic, which is a type of
periodic oscillation with only one period in the temporal waveform. Figure 2a shows
that the P1 oscillation of the QCL exhibits a sinusoidal waveform, which is similar to the
waveform of lasers with direct sinusoidal current modulation. The electrical spectrum in
Figure 2b shows that the modulation frequency of the laser is 246.5 MHz. This modulation
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frequency equals the exact external cavity frequency, which is the inverse of the round-trip
propagation time from the QCL to the reflector. Therefore, the P1 oscillation frequency
is solely determined by the external cavity frequency due to the absence of relaxation
oscillation resonance in QCLs [39]. This differs from common near-infrared laser diodes,
where the P1 frequency is governed by the interaction of the relaxation oscillation frequency
and the external cavity frequency [1].

Figure 1. (a) Experimental setup for the modulation using P1 dynamics. FTIR, Fourier transform infrared spectrometer; PD,
photodetector; ESA, electrical spectrum analyzer; OSC, oscilloscope. (b) L-I curve. Inset is the optical spectrum at 280 mA.
(c) Optical linewidth versus the pump current. The reflector in (a) is tilted in the yaw direction. The tilt angle is zero when
the reflector is well aligned with the optical path and is positive when the reflector is tilted in the arrow direction.

Figure 2. (a) Temporal waveform and (b) electrical spectrum of the P1 oscillation at 300 mA. The tilt angle of the reflector
is −1.05′.



Appl. Sci. 2021, 11, 11730 4 of 9

Figure 3a shows that the amplitudes of the fundamental signal in the electrical spec-
trum are mostly in the range of 50 to 65 dB, which yields an average value of 57.2 dB. The
amplitude does not show clear dependence on either the tilt angle of the reflector or on
the pump current of the laser. Through least-square fitting of the electrical signal using
the Voigt function, we obtain the electrical linewidth as illustrated in the inset of Figure 3b.
For the statistics of the linewidth, 20 sweeps of measurement are averaged for every tilt
angle with a resolution bandwidth (RBW) of 2.0 kHz. It is demonstrated that the electrical
linewidths for different tilt angles in Figure 3b are mostly in the range of 1.5 to 2.0 kHz,
with an average value of 1.7 kHz. It is remarked that these extracted linewidths are below
the RBW of 2.0 kHz. However, a smaller RBW leads to an electrical signal deviating from
the Voigt shape. In this case, the fundamental signal peak splits into several sub-peaks due
to the long-term instability of the experimental setup, such as the variation of the feedback
length or phase [40]. This P1 frequency instability will be quantified in future work. On
the other hand, the frequency stability can be improved by stabilizing the feedback mirror
position using a piezoelectric transducer. Similar to the peak amplitude in Figure 3a, the
electrical linewidth is almost independent of the tilt angle and of the pump current as well.
Surprisingly, the electrical linewidth of the P1 oscillations is about four orders of magnitude
smaller than the optical linewidth of the free-running laser. Because the electrical spectrum
is a beat note of the optical spectrum, the ultra-narrow electrical linewidth suggests that
the main optical mode is highly coherent with the P1-induced optical sidebands. Unluckily,
these sidebands are not visible in the optical spectrum due to the resolution limit of the
FTIR (2.4 GHz). Future work may measure such optical sidebands based on the absorption
resonance of certain gas molecules [41,42]. The high coherence of the optical sidebands is
similar to that with direct current modulation or with external modulation. It is remarked
that semiconductor lasers subject to optical injection produce P1 oscillations as well [43,44].
However, the coherence of the optical sidebands with optical injection is usually low
and varies significantly depending on the injection condition [9,11]. Figure 4 extracts the
modulation depth of the electrical signal from the AC temporal waveform in Figure 2a,
along with the tracked DC voltage. The modulation depths are mostly in the range of
1.0% to 3.5%. The dependence of the modulation depth on the tilt angle of the reflector
is not obvious, possibly due to the uncertainty of the measured tilt angle, including the
calibration error of zero angle and the backlash of the kinematic stage. On the other hand,
the modulation depth shows little dependence on the pump current.

Figure 3. (a) Amplitude and (b) linewidth of the fundamental electrical signal for pump currents of 280, 290, and 300 mA.
Inset is an example of the electrical linewidth fitting using the Voigt function.
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Figure 4. Modulation depth of the temporal waveform for pump currents of 280, 290, and 300 mA.

Because the P1 frequency is governed by the external cavity frequency, the modulation
frequency of the QCL can be easily tuned by changing the feedback length. As shown
in Figure 5, the P1 frequency is tuned from 147.1 MHz at the feedback length of about
102 cm up to 627.3 MHz at the length of about 24 cm, which is the lower length limit
of our experimental setup. Further optimizing the setup in future work can achieve the
modulation frequency up to the GHz range.

Figure 5. Electrical spectra of P1 oscillations for various single-trip feedback lengths. The pump
current is 290 mA.

3. Simulations and Discussion

In order to show the optical sidebands induced by the P1 oscillation, we simulate the
optical spectrum using the rate equation approach, which takes into account the effect of
tilted optical feedback [22,23,37]. Rate equations for the photon number S(t) and the phase
of the electric field φ(t) are given by

dS
dt

=

(
mG0∆N − 1

τp

)
S + mβ

N3

τsp
+ 2kc fn

√
rextS(t)

∞

∑
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(√
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)n−1√
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(
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with

fn =

{
sin(θπ)

θπ for n = 1, 3, 5 . . .
1 for n = 2, 4, 6 . . .

(3)

where m is the number of cascading gain stages, G0 is the gain coefficient, ∆N is the
population inversion, τp is the photon lifetime, τsp is the spontaneous emission lifetime,
β is the spontaneous emission factor, N3 is the carrier number in the upper lasing level,
αH is the linewidth broadening factor (LBF), and R is the facet reflectivity. The feedback
ratio is rext, τext is the feedback delay time, and kc is the feedback coupling coefficient to
the laser cavity. The phase difference is ∆φn = nφ0 + φ(t)− φ(t− nτext), with φ0 being the
initial feedback phase, and n being the order of roundtrip reflection. The tilted angle of
the reflection mirror is θ, which is normalized by the tilt angle at which the first diffractive
coupling minimum occurs. Details of the rate equation model and the parameter values
will be described elsewhere. Figure 6a simulates the optical spectrum of the QCL with P1
oscillation, where the LBF is 2.0 and the single-trip feedback length is 60 cm. It is shown that
the laser exhibits multiple sidebands with a spacing of 250 MHz, which is determined by the
P1 frequency or the external cavity frequency. The optical sidebands are asymmetric with
respect to the main lasing mode due to the non-zero LBF. Because of this phase-amplitude
coupling effect, the P1 oscillations introduce not only amplitude modulation (AM) but
also frequency modulation (FM) [45]. Taking advantage of this feature, the P1 oscillations
of near-infrared laser diodes have been used for the AM-to-FM conversion of photonic
microwaves [46,47]. The LBF of the QCL under study increases almost linearly with the
pump current, from 1.4 at 250 mA to 2.5 at 310 mA (see [23] for details). In comparison with
the AM measurement in Figure 2, experimental characterization of the FM is much more
challenging, usually requiring a frequency discriminator to convert the FM into AM [48].
Therefore, we confirm the existence of FM using rate Equations (1) and (2) as well. Based
on the temporal waveform in Figure 6b, the FM index is deduced to be 17%, and the AM
index (or the modulation depth) is 1.9%. Therefore, the P1 oscillation-induced modulation
is dominated by the FM. This behavior is also similar to that of QCLs with direct current
modulation, where the ratio of the AM index to the FM index is around 0.07 [49].

Figure 6. (a) Simulated optical spectrum and (b) frequency modulation of the QCL with P1 oscillation.
The single-trip feedback length is 60 cm, and the LBF is 2.0.

Finally, we summarize the potential application of P1 oscillations in the modulation
spectroscopy technique. The WMS usually requires a modulation frequency in the range
of kHz to MHz [25,32], as well as a very large modulation depth [50–52]. However, the
modulation characteristics of P1 oscillations described in this work deviate significantly
from both required features; hence, it is difficult to apply P1 oscillations in WMS. On the
other hand, the modulation frequency of HPSDS is in the range of MHz to GHz [25,32],
and that of FMS is of 100 MHz to several GHz [26–29,32], respectively. Both modulation
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frequencies can be easily reached by the P1 oscillations in QCLs. HPSDS mainly requires
AM, while FMS requires FM, but the co-existence of AM and FM is allowed in both
practical applications [27,50]. HPSDS requires only a small modulation depth, which
satisfies the modulation characteristics of P1 oscillations [27,28]. In contrast, FMS requires
a modulation depth spreading from several percent up to tens of percent for achieving
optimal performance [50,53]. In this case, better methods should be pursued for tuning the
modulation depth of P1 oscillations in future work.

4. Conclusions

In conclusion, we have unveiled the modulation characteristics of P1 oscillations
in a QCL subject to optical feedback. The optical linewidth of the free-running QCL is
about 16 MHz, while the electrical linewidth of the P1 oscillation is less than 2.0 kHz
owing to the high coherence of the optical sidebands with the main optical mode. The
modulation depths of the light are in the range of 1% to 3.5%, and the electrical signals at
the modulation frequency are more than 50 dB higher than the background noise level.
The P1 modulation frequency can be easily adjusted by tuning the feedback length. It
is further confirmed in the simulation that P1 oscillation also induces FM in addition to
AM due to the phase-amplitude coupling effect. Future work will study the detailed FM
characteristics of the P1 oscillations in the experiment. We believe this work can pave the
way for potential applications of P1 oscillations in the mid-infrared regime, such as gas
sensing based on the modulation spectroscopy technique.
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