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Abstract: Quantum cascade laser frequency combs are nowadays well-appreciated sources
for infrared spectroscopy. Here their applicability for free-space optical communication is
demonstrated. The spontaneously-generated intermodal beat note of the frequency comb is used
as carrier for transferring the analog signal via frequency modulation. Exploiting the atmospheric
transparency window at 4 µm, an optical communication with a signal-to-noise ratio up to 65 dB
is realized, with a modulation bandwidth of 300 kHz. The system tolerates a maximum optical
attenuation exceeding 35 dB. The possibility of parallel transmission of an independent digital
signal via amplitude modulation at 5 Mbit/s is also demonstrated.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The mid-infrared (MIR) region of the electromagnetic spectrum (λ > 3µm) is of particular
interest both from a fundamental and an applied research point of view. Here fall in fact the
strongest absorptions related to the ro-vibrational transitions of light molecules of environmen-
tal/atmospheric interest such as water, carbon dioxide, methane and nitrogen oxides. From a
fundamental viewpoint, the study of the absorption spectra with ultrahigh precision and sensitivity
can give insights into fundamental laws of physics [1–7]. From an applied perspective, the
high-sensitivity detection of such gases through advanced spectroscopy techniques [8,9] is
important for environmental and health monitoring [10]. The MIR region is not completely
covered by atmospheric gases absorptions: Two main transparency windows (one around 4µm
and one around 10µm) are present. Here the atmospheric transmittance (per km) is > 80% (with
peaks of 99.965%) and they can be conveniently exploited for free-space optical communication
(FSOC) [11,12]. In addition, the attenuation due to the aerosol is also significantly lower
compared to visible and near-infrared wavelengths [13].

Since its demonstration in 1994 at Bell Labs [14], the quantum cascade laser (QCL) has been
largely used and appreciated as coherent source [15]. QCLs are chip-scale room-temperature
current-driven semiconductor-heterostructure lasers where the laser transition takes place between
specifically-tailored sublevels in quantum wells within the conduction band. This sublevels
structure is given by the semiconductor layers heterostructure that creates quantum wells for the
carriers. Since the structure and thickness of the layers are highly engineerable through molecular-
beam epitaxy, the levels’ structure can be arranged to address a wide range of wavelengths using
the same material system. In combination with the possibility of using different families of
semiconductor materials, the emission wavelength can be engineered in a wide range, spanning
from the MIR (λ > 3.15µm [16,17]) to the THz [18]. Due to the very short laser transition lifetime
(<1 ps), QCLs can be modulated at high speed (GHz and above) [19,20]. Their high-power
emission (∼ W) [21] and current driving make them ideal candidates for infrared spectroscopy
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[22–26]. QCLs can operate both in single longitudinal mode [27] and in frequency-comb regime
[28–31]. Indeed, broadband QCLs [32,33] can emit frequency combs (QCL-combs) due to the
high third-order nonlinearity characterizing the active region which enables a four-wave-mixing
(FWM) parametric process within the waveguide [34]. FWM correlates the generated modes
[35–39] establishing a fixed phase relation among them and ensuring a coherent frequency-comb
emission [40–44], which proved to be successfully exploitable for dual-comb spectroscopy
[45,46]. An intermodal beat-note signal (IBN) is associated with the frequency-comb emission,
given by the beatings between first-neighbor modes. This signal, falling in the range 5-20 GHz, is
determined by the waveguide length and effective refractive index, and it can be as narrow as few
hundreds of Hz or less due to the high overall coherence characterizing QCLs and QCL-combs
[41,47,48]. IBNs can be easily modulated by modulating the laser’s driving current [44] or
by other means (e.g. optical modulation [49] or modulating the current passing through an
integrated resistive heater [50]).

The single-mode emission of QCLs has already been exploited for FSOC relying on amplitude
modulation (AM) [51,52]. Regarding QCL-combs, the possibility of exploiting their IBN
for transmitting an analog signal in the microwaves in a wireless-broadcasting fashion has
been recently demonstrated [53]. This configuration is mainly useful for indoor short-range
communication.

In this work we demonstrate the possibility of exploiting the IBN of a QCL-comb for carrying
the signal with frequency-modulation (FM) over the optical channel corresponding to the
atmospheric transparency window around 4 µm and we characterize the performance of the
communication system. Moreover, we demonstrate that an independent digital signal can be
encoded on the same optical channel with the same device via AM. This configuration is
particularly well-suited for long-distance point-to-point transmission in the atmosphere.

2. Methods and discussion

2.1. Experimental setup

The experimental setup used for demonstrating and characterizing the optical communication
system is sketched in Fig. 1. The laser source utilized for the transmission is a QCL-comb
designed and fabricated at ETH Zürich. The device is a buried-heterostructure Fabry-Pérot
QCL able to operate in continuous wave at room temperature [40,43]. Its emission is centered
around 4.70µm and the mode spacing (fs) corresponding to the intermodal beat note (IBN)
is about 7.06 GHz. Further details about the laser source (LIV curves and laser spectrum)
are given in Supplement 1. The working temperature of the laser for this experiment varied
between 12°C and 20°C. The laser radiation propagates in the free space for 2.0 m and it is
sent through a variable attenuator to a fast thermoelectric-cooled photovoltaic MCT detector
(PVI-4TE-8-0.5x0.5-T08-wBaF2-35 by Vigo System), operating in the spectral range from 3 µm
to 9 µm. The detector features a two-stage amplification system: the first stage is a high-speed
transimpedance, the second stage is an AC-coupled preamplifier. The bandwidth, as defined by
its –3-dB cutoff, is 700 MHz.

The electronic part of the setup consists mainly of two subsystems. The first one, dedicated to
signal generation, modulation and transmission, is composed of the signal generation system and
the laser current driver. The laser is powered by an ultra-low-noise current driver (QubeCL, by
ppqSense) featuring a module for current modulation that is fed with the signal to be transmitted.
The module adds to the DC bias current a current modulation proportional to the modulation
signal. The current modulation bandwidth is 2 MHz and the modulation amplitude is up to 10
mA. When a larger modulation bandwidth is required, a different current modulation scheme is
used. A variable resistor is in fact placed in parallel to the laser chip with the aim of subtracting a
fraction of the driving current to the chip itself. The variable resistor is a junction-gate field-effect
transistor (JFET) and the modulation signal is applied to its gate pin. The current modulation
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bandwidth is 50 MHz and the modulation amplitude is up to 5 mA. For demonstration purposes,
the laser current is modulated with sine waves, square waves and analog audio signals generated
via a function generator or a computer system (CS1). The signals to be sent to the current
modulators are selected via a multiplexer (MUX). The modulation of the laser current induces
a frequency modulation of the IBN of the laser. The IBN is out of the nominal bandwidth
of the detector but can still be well detected anyway (see Fig. 2). At the IBN frequency, the
signal-to-noise ratio (S/N) loss is about 22 dB compared to the in-bandwidth response (see
Supplement 1 for a characterization). The loss of detected signal amplitude can be effectively
compensated with a low-noise RF amplifier. The second subsystem of the electronic part is
devoted to the extraction of the original signal from the detected IBN via a demodulation process.
At first, the IBN is down-mixed from 7.06 GHz to 54.6 MHz, then it is band-pass-filtered (BPF2,
band 5 MHz) and finally amplified (green box in Fig. 1). Afterwards, a delay-line frequency
discriminator (DLD) – optimized for operating at frequencies around the down-mixed carrier –
performs the demodulation of the IBN [54] extracting the original signal (see Supplement 1 for a
description of the DLD). After the DLD, a low-pass filter removes the down-mixed carrier (blue
box in Fig. 1). Finally, the demodulated signal is sent to an oscilloscope to be compared with the
original signal and to a second computer system (CS2) to be further analyzed.

Fig. 1. Experimental setup of the system for the optical free-space communication. The
source is a MIR QCL-comb (top left). The laser’s driving system and the signals encoding
system is highlighted in the yellow box. On the right, the components devoted to the
detection, demodulation and analysis of the signals is represented. BPF: band-pass filter.
LPF: low-pass filter. CS: computer system.

2.2. Intermodal beat-note characterization

In order to perform the best FM analog transmission it was crucial to determine the working
conditions of the laser (temperature and driving current) where the IBN is intense and narrow
(with the smallest frequency noise) and the FM is optimized, i.e. the working condition where
the frequency tuning of the IBN with bias current is large. The analysis is performed at several
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Fig. 2. Spectrum of the QCL-comb IBN in free-running operation at T = 12◦C and
I = 730 mA detected by the MCT detector and acquired with a spectrum analyzer.

temperatures in the range from T = 20◦C to T = 12◦C. For each temperature, a scan of the
driving current, acquiring the IBN, is performed. As an example, the IBN response at two
different temperature values is reported in Fig. 3. At T = 16◦C the IBN is pretty intense and
narrow (the error bars representing the width are small) but the tuning with current of the
IBN frequency is very small and it is almost zero around I = 740 mA. On the other hand, at
T = 12◦C the tuning is generally large and there are intervals where the IBN is intense and
narrow. Finally, we chose T = 12◦C and I = 730 mA as working conditions, since here all
the considered parameters are optimized (see Fig. 2 representing the spectrum of the IBN in
free-running operation). We remark that these working conditions are definitely compatible with
standard operating conditions, i.e. room temperature and moderate driving current.

Fig. 3. Frequency tuning with bias current of the IBN for two different temperatures of
operation of the QCL. The bars represent the width of the IBN, where the values have been
multiplied by a factor of 1000 in order to have visible bars in the plots. The peak values of
the IBN are color coded.

Afterwards, a characterization of the modulated IBN has been performed. With the MUX, a
sinusoidal signal has been sent to the current modulator and the amplitude of the signal has been
chosen as the maximum value tolerated by the laser for preserving the frequency-comb emission.
In terms of driving current, the current modulation amplitude is about 1% of its DC value. The
frequency of the signal has been varied to characterize the response of the system. In Fig. 4 the
IBN modulated at different frequencies is shown. From the plots, a peak frequency deviation
of about 200 kHz can be inferred as half width of the spectra (more evident at low modulation
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frequency, i.e. 1 kHz and 10 kHz). This value is significantly larger as compared to the linewidth
of the IBN (see Fig. 2). In these conditions, the frequency noise is negligible with respect to the
frequency deviation encoding the transmitted signal.

Fig. 4. Spectra of the detected IBN with different sinusoidal frequency modulations acquired
with a spectrum analyzer. The QCL-comb operates at T = 12◦C and I = 730 mA. From
the plots, a peak frequency deviation of about 200 kHz can be inferred as half width of the
spectra (more evident at low modulation frequency, i.e. 1 kHz and 10 kHz).

2.3. Characterization of the received analog FM signal

For quantitatively estimating the quality of the transmission, the signal demodulated by the DLD
has been acquired with an oscilloscope. Fig. 5-left shows the received signal obtained with a
modulation frequency of 1 kHz. For performing a complete Fourier analysis of the response
of the system, the acquisition has been repeated for several modulation frequencies from 100
Hz to 1 MHz. For each acquisition the corresponding fast-Fourier transform (FFT) has been
computed (see Fig. 5-right for the FFT of the 1-kHz signal). From the FFTs we extracted the
modulation response of the system (Fig. 6), the S/N and the harmonic distortion characterizing
the received signal (Fig. 7). From the modulation response analysis, a modulation bandwidth of
∼ 300 kHz defined by its –3-dB cutoff can be retrieved. This value is perfectly in agreement
with the well-known single-mode QCLs’ frequency modulation bandwidth [55]. The S/N has
been computed as the ratio between the power of the peak corresponding to the signal and the
power level corresponding to the noise floor. On the other hand, the harmonic distortion has been
computed as the ratio between the power of the second harmonic to the power of the fundamental
frequency peaks of the received signal. These last two parameters have been computed within a
bandwidth of 20 kHz, covering a range of values absolutely compatible with a good quality audio
transmission. Moreover, a substantial flatness of their values with the modulation frequency
clearly emerges, confirming the good performance of the system.

2.4. Attenuation effects

For a concrete assessment of the performance of the FSOC system, an evaluation of the impact
of optical losses is crucial. Optical losses can be split into two groups: static (or quasi-static)
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Fig. 5. Left: Demodulated signal at 1 kHz. Right: FFT of the demodulated signal with the
fundamental frequency and second harmonic peaks marked with red dots.

Fig. 6. Modulation response of the system. The bandwidth, as defined by its –3-dB cutoff,
is ∼ 300 kHz, perfectly in agreement with the well-known single-mode QCLs’ frequency
modulation bandwidth [55].

Fig. 7. Left: S/N as a function of modulation frequency. Right: Harmonic distortion as a
function of modulation frequency. The harmonic distortion is computed as the ratio between
the power of the second harmonic and the power of the fundamental frequency peaks of the
received signal.
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and dynamical. As an example, losses due to optical elements, molecular absorption, aerosol
scattering, geometrical losses due to the divergence of the optical beam, belong to the first
group. Losses due to atmospheric turbulence belong to the second group. The dynamical
losses importantly impact the performance of FSOC systems and are hard to be modeled and
simulated. Here we concentrated on the simulation of quasi-static losses effects by placing a
variable optical attenuator on the beam path. In particular, we studied how the S/N changes with
optical attenuation and we investigated the possibility of recovering it by adapting the electronic
gain of the RF amplifier placed at the end of the IBN down-mixing stage (see Fig. 1). The chosen
modulation frequency is 1 kHz, being representative for audio transmission. In Fig. 8 the dots
lying on the blue curve show a S/N decreasing with increasing optical attenuation (case of fixed
electronic gain). On the other hand, the brighter dots show that, when the electronic gain is
increased, the S/N can be significantly recovered, up to a value of 14 dB (see the values at 34.0
dB and 35.2 dB of optical attenuation), resulting in a maximum S/N loss of 10 dB over the
explored range of optical attenuation. This recovery capability indicates that in the described
case the S/N is mainly limited by the acquisition electronics noise floor.

Fig. 8. S/N as a function of optical attenuation for a modulation frequency of 1 kHz. The
variable electronic gain used for recovering the S/N is color coded.

For giving a practical reference of the scale of optical attenuation values we have investigated,
we discuss here the equivalent conditions for an outdoor FSOC. We assume a communication
distance of 5 km and an optical system optimized for minimizing the geometrical losses, i.e.
for collecting all the optical power at the receiver location. We also neglect the possible effects
given by atmospheric turbulence. The residual attenuation is generally given by the scattering
due to molecules and particles (aerosol). In the spectral region covered by the QCL-comb
(around 4.70µm, see Supplement 1), the average molecular absorption value is about 1.22 dB/km
[11,12,56], 6.1 dB over 5 km. This means that an additional attenuation of at least 29.0 dB can
be tolerated by the system, which corresponds to a visibility range [57–60] of 0.88 km, given
e.g. by light-fog conditions. We remark here that, by using a QCL operating at a more favorable
wavelength still within the 4-µm transparency window, a negligible molecular absorption can be
found, allowing an effective communication even with a lower visibility range.

2.5. Fidelity of the received signal

The communication system has been tested also for transmission of real audio streams. The
MUX has been switched for transmitting audio signals generated by a computer system (CS1 in
Fig. 1). The sent and the received signal have been acquired simultaneously with an oscilloscope
for comparison, with two different levels of optical attenuation (see Fig. 9-left). The received
signal looks very similar to the sent one, especially with the lower optical attenuation. For

https://doi.org/10.6084/m9.figshare.16970035
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quantitatively estimating the fidelity of the received audio signal, we chose as estimator the
first-order correlation between the received and the sent signal (g12). The normalized first-order
correlation is defined as

g12 (τ) =
⟨S1 (t) · S2 (t − τ)⟩√︂⟨︁

S2
1
⟩︁ ⟨︁

S2
2
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where S1 and S2 are the sent and the received AC signal, respectively, t is time and τ is the time
delay introduced between the two streams. The symbol ⟨ ⟩ denotes the averaging process over
the arrays and the product · is computed element-by-element. For the computation of the product
between the two signals, the second array is shifted of an amount corresponding to τ and then
the two arrays are conveniently cut in order to fit the right number of elements. The arrays
are cut as less as possible and the dimension is kept constant over the whole computation. In
Fig. 9-right the g12 is represented for two different levels of optical attenuation. The significant
value is the peak of the curve which is 0.87 for the lower attenuation case and 0.75 for the
higher attenuation, confirming that, providing an additional electronic amplification, for optical
attenuation values within 35 dB the quality of the transmission is not significantly degraded. On
the other hand, the width of the curve is related to the time response of the system. The linewidth
of ∼ 0.2 ms corresponds to a low-pass frequency of 5 kHz. This cutoff is probably due to the
audio signal generator and is compatible with audio stream reproduction, since voice and music
spectra generally fall within this frequency. Some recordings of audio tracks transmitted with the
system have been performed for demonstration purposes: See Supplement 1 for a description and
Visualization 1, Visualization 2, Visualization 3, and Visualization 4 for a demonstration.

2.5. Fidelity of the received signal

The communication system has been tested also for transmission of real audio streams. The
MUX has been switched for transmitting audio signals generated by a computer system (CS1 in
fig. 1). The sent and the received signal have been acquired simultaneously with an oscilloscope
for comparison, with two different levels of optical attenuation (see fig. 9-left). The received
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Fig. 9. Left: Sent and received audio signal with two different values of optical
attenuation. Right: g12 related to the sent and the received signal at the two different
levels of optical attenuation.

signal looks very similar to the sent one, especially with the lower optical attenuation. For
quantitatively estimating the fidelity of the received audio signal, we chose as estimator the
first-order correlation between the received and the sent signal (g12). The normalized first-order
correlation is defined as
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where S1 and S2 are the sent and the received AC signal, respectively, t is time and τ is the time
delay introduced between the two streams. The symbol 〈 〉 denotes the averaging process over
the arrays and the product · is computed element-by-element. For the computation of the product
between the two signals, the second array is shifted of an amount corresponding to τ and then
the two arrays are conveniently cut in order to fit the right number of elements. The arrays
are cut as less as possible and the dimension is kept constant over the whole computation. In
fig. 9-right the g12 is represented for two different levels of optical attenuation. The significant
value is the maximum of the curve which is 0.87 for the lower attenuation case and 0.75 for the
higher attenuation, confirming that, providing an additional electronic amplification, for optical
attenuation values within 35 dB the quality of the transmission is not significantly degraded. On
the other hand, the width of the curve is related to the time response of the system. The linewidth
of ∼ 0.2ms corresponds to a low-pass frequency of 5 kHz. This cutoff is probably due to the
audio signal generator and is compatible with audio stream reproduction, since voice and music
spectra generally fall within this frequency. Some recordings of audio tracks transmitted with the
system have been performed for demonstration purposes: See Supplement 1 for a description and
Visualization 1, Visualization 2, Visualization 3 and Visualization 4 for a demonstration.

2.6. Simultaneous analog FM/digital AM transmission

The realized communication system is also capable of simultaneously transmitting on the same
optical channel an independent AM digital signal together with the FM analog signal. The MUX
has been set to send in parallel a 100-kHz sine wave (FM of the IBN) and a 5-MHz square wave

Fig. 9. Left: Sent and received audio signal with two different values of optical attenuation.
Right: g12 related to the sent and the received signal at the two different levels of optical
attenuation.

2.6. Simultaneous analog FM/digital AM transmission

The realized communication system is also capable of simultaneously transmitting on the same
optical channel an independent AM digital signal together with the FM analog signal. The MUX
has been set to send in parallel a 100-kHz sine wave to the driver current modulation module (FM
of the IBN) and a 5-MHz square wave to the JFET current modulator (AM modulation of the
QCL optical power). The results are represented in Fig. 10. In this case, the optical attenuation is
21.5 dB. The thresholds set for digital communication are highlighted as red horizontal lines.
The two thresholds have been selected as the maximum and the minimum signal levels where the
intervals between the wavefronts of the square-wave signal does differ less than 30% with respect
to the mean value (computed at the zero crossing) over the whole acquisition. The two thresholds
define a window of 24 mV, which is more than sufficient for guaranteeing an error-free digital
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communication. Moreover, from the same figure a good shape of the analog FM signal can be
inferred. This configuration has been tested for several values of optical attenuation up to 28.7
dB. The system still maintains a good capability of transmission with a digital window of 4 mV
and a good shape of the demodulated analog FM signal. This demonstrates the possibility of
exploiting the full FM bandwidth of the system for analog communication (300 kHz) together
with an independent digital communication at a speed of 5 Mbit/s, essentially limited by the
current modulator and not by the QCL internal dynamics.

Fig. 10. Simultaneous digital AM + analog FM transmission with an optical attenuation of
21.5 dB. Top left: Received square wave. Top right: Square wave zoom. The thresholds set
for digital communication are highlighted as red horizontal lines. Bottom left: Demodulated
sine wave transmitted in parallel with the square wave.

3. Conclusion

In this work, we have demonstrated the possibility of exploiting the intermodal beat-note signal
(IBN) spontaneously-generated by QCL-combs for performing point-to-point free-space optical
communication in the MIR transparency window around 4µm. A S/N up to 65 dB has been
achieved, with a modulation bandwidth of 300 kHz. With an optical attenuation up to 35 dB the
loss in terms of S/N is less than 10 dB. With this system, audio streams of very good quality have
been transmitted, with a fidelity expressed in terms of first-order correlation between the sent
and received signal (g12) up to 87%. The transmission has been performed on a single channel
(monophonic) for simplicity, but the wide bandwidth characterizing the system is potentially able
to host e.g. a 38 kHz stereo subcarrier allowing the transmission of a composite stereophonic
signal typically adopted for FM radio broadcasting.
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The system also allows a parallel transmission of an independent digital signal via AM at a
speed of 5 Mbit/s.

The presented proof-of-principle system could be improved in many aspects. First of all, the
use of QCLs with optimized growth, fabrication and contacting would strongly increase the AM
bandwidth [19,20] and possibly also the FM bandwidth. Moreover, devices showing a more-stable
frequency-comb operation could tolerate a larger current modulation possibly resulting in a larger
frequency deviation, ensuring a higher FM S/N. On the detection and demodulation side, by
implementing the detection of the digital signal as modulation of the IBN around 7 GHz in place
of the performed direct detection we expect a significant improvement in terms of S/N. In order to
fully exploit the advantages of FM communication, a dynamic-range compressor amplifier could
be added right before the DLD. This would make the demodulation totally independent of the
received signal amplitude turning the contribution of transmission amplitude noise completely
negligible. Moreover, more compact and efficient demodulation schemes could be adopted in
place of the DLD, e.g. based on a phase-locked loop. Finally, alternative transmission schemes
able to exploit a balanced detection [61] could improve further the S/N of the communication by
suppressing common-mode noise.
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