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Abstract—This study deals with the communication capabilities
of two kinds of semiconductor lasers emitting in one of the at-
mosphere transparency windows, around 4 µm. One of these two
lasers is a quantum cascade laser and the other one is an interband
cascade laser. With the quantum cascade laser, a subsequent attenu-
ation is added to the optical path in order to mimic the attenuation
of free-space transmission of several kilometers. Direct electrical
modulation is used to transmit the message and two-level formats,
non-return-to-zero and return-to-zero, are used and compared
in terms of maximum transmission data rate. The sensitivity to
optical feedback is also analyzed, as well as the evolution of the
error rate when reducing the optical power at the level of the
detector. This work provides a novel insight into the development of
future secure free-space optical communication links based on mid-
infrared semiconductor lasers and sheds the light on improvements
required to achieve multi-Gbits/s communication with off-the-shelf
components.

Index Terms—Quantum cascade laser, interband cascade laser,
mid-infrared photonics, free-space communication.

I. INTRODUCTION

THE development of semiconductor laser technology was
considerably boosted with inventing quantum cascade

lasers (QCLs) in early 90s [1] and interband cascade lasers
(ICLs) shortly afterwards [2]. At the early stages of QCLs,
free-space optical transmissions were envisioned [3] alongside
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other applications such as spectroscopy [4] and high-speed
detection [5]. However, the requirement for cryogenic temper-
atures at that time [6] hindered the development of versatile
transmission systems, despite data rates already in the range of
Gbits/s. A few years later, ICLs drew attention with electrical
bandwidth of several GHz [7], but the communication rate was
limited to 70 Mbits/s [8] and, to the best of our knowledge,
no further attempt was performed since then. With the advent
of new telecommunication standards and the ever increasing
need for transfer speed, there has been a renewed interest in the
QCL community for powerful room-temperature sources [9],
high-speed modulators [10], sensitive detectors [11], structures
optimized for RF-injection [12], extension to fiber networks [13]
and methods to improve privacy [14], not only in the mid-
infrared domain but also in the terahertz domain [15], where
recent findings pave the way towards terahertz QCLs at room
temperature [16], [17]. This was motivated by the limitations
induced by direct electrical modulation of QCLs and ICLs at
room temperature, with data rates often below 100 Mbits/s [8],
[18], [19], except for one configuration with digital signal pro-
cessing techniques [20]. Direct electrical modulation remains
however the most versatile method to transmit a signal with
a cascade laser. Besides, the numerous electrical rectification
results obtained at room temperature with these semiconductor
lasers [21]–[23] are in favor of higher transmission rates than
those previously described. In free-space optical communication
(FSO), the operating wavelength is a key parameter, and it is
highly desirable to work in a configuration that is immune to the
environmental parameters, such as turbulence, fog or scatter-
ing. In order to improve the FSO availability, performance and
range, the investigation of the cross-relation between the climatic
conditions and the wavelength is highly required [24]. QCLs
and ICLs providing high performance in the mid-infrared raised
attention because the atmosphere is highly transparent in two
domains called mid-infrared (MIR) window between 3-5µm and
long-wave infrared (LWIR) window between 8.5-11 µm [25].
Moreover, not only the absorption but also the signal distortion
is lower at higher wavelength, so the MIR and LWIR windows
have a further advantage with regard to the near-infrared domain
that is currently used for free-space links [26]. Indeed, it is known
that turbulence on the propagation path significantly deteriorates
the optical signal causing for instance beam spreading, beam
wandering, scintillation or loss of spatial coherence. In this
case, the scintillation will be the predominant phenomenon,
corresponding to intensity fluctuations of the propagating beam.
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Fig. 1. Experimental Ligh-Intensity-Voltage (LIV) curves for the two lasers under continuous wave pumping and for various temperatures of operation.
(a) For the packaged QCL and (b) for the ICL.

This effect evolves as a function of λ−7/6 [27] and will therefore
be less significant at higher wavelength, hence the advantage of
the cascade lasers under study for FSO.

This paper further investigates direct electrical modulation
of a QCL and an ICL for high-speed transmission, both lasers
emitting in one of the transparency windows of the atmosphere,
near 4 µm. Section II introduces the features of the ICL and
the packaged QCL, as well as the experimental setup giving
access to the bandwidth analysis and the experimental setup
for the transmission with on-off-keying signals. The electrical
bandwidth and the optical bandwidth of the lasers are compared
and give indications about the maximum transmission rate one
can expect. Section III assesses the quality of the transmission for
the two lasers, by introducing eye diagrams and bit-error-rates
(BER). Two different formats of modulation are tested and
the one with a return-to-zero scheme gives higher rates. This
section also investigates the resistance to external perturbations
in the case of the packaged QCL and shows that this configu-
ration is relevant for long-haul transmissions, even in degraded
conditions. Eventually, Section IV summarizes the results and
provides guidelines for future work about the implementation
of a real-field experiment with mid-infrared cascade lasers.

II. METHODS

A. Photonic Devices

The two devices under investigation are Fabry-Perot mid-
infrared cascade semiconductor lasers emitting around the same
wavelength (4 µm) but they rely on two different technologies.
The first device from Alpes Lasers is a QCL, which means that
lasing is achieved through intersubband transitions. This method
is designed for wavelength operation up to the terahertz domain,
but it is also a candidate of choice for targeting the two trans-
parency windows of the atmosphere [28]. One of the peculiarities
of QCLs is that they do not exhibit relaxation oscillations and
they are thus considered very promising for very high-speed
modulation [29] because usually, the relaxation frequency sets
the limit for maximum direct modulation in a semiconductor
laser [30]. As already described in the literature [20], we will see

that other phenomena actually limit the bandwidth of our QCL
and do not allow for very high-speed direct modulation, unless
the laser is mounted on a dedicated RF launcher. Our QCL is
inserted inside a high-heat-load (HHL) package with embedded
focusing lens and Peltier-cooled system. The threshold current
is 515 mA and the maximum output power is 170 mW at 288 K,
as seen in Fig. 1(a). This QCL is a high-power optical source
but it consumes a lot of electrical power (16.5 V and 750 mA at
maximum output power).

The second device is an ICL designed at Université de
Montpellier. This type of semiconductor lasers relies on in-
terband transitions causing performance degradation at long
wavelengths, which limits the room temperature operation at
nearly 7 µm [31]. ICLs emitting in the transparency window
around 4 µm can be considered for free-space experiments at
room temperature. The ICL under investigation has a threshold
current of 71 mA at 293 K and a maximum output power of
5.5 mW at 6.5 V and 250 mA, as displayed in Fig. 1(b). Even
if the output power is lower than in the QCL’s case, ICLs are
envisioned for portable energy-efficient transmission systems
because they usually consume less than 1 W of electrical power.
Contrary to QCLs, ICLs exhibit relaxation oscillations above
1 GHz [32] but this will not affect our results because other
phenomena degrade the bandwidth of the ICL under study, as
shown hereafter. Contrary to the QCL under investigation, the
ICL is not inserted in a HHL package and requires a cold finger
to stabilize the temperature, as well as a focusing lens so that
the beam can be analyzed with a detector.

B. Electrical and Optical Rectification

Prior to the experiments to determine the maximum data rate
with the two semiconductor lasers, we assess the electrical band-
width and the optical bandwidth of the lasers. For the electrical
bandwidth, the method used is called rectification [33] and is
depicted in Fig. 2. A frequency modulated (FM) signal made of a
low-frequency tone (fixed at 2 kHz here) and a carrier frequency
(varying between 10 MHz and 2000 MHz) is produced by a sig-
nal generator (Rohde&Schwarz SMIQ 06B) and subsequently
sent towards the laser under study through the AC connector of
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Fig. 2. Experimental setup for rectification, which is a method giving access
to the electrical bandwidth and the optical bandwidth when using the lock-in
amplifier and the MCT detector, respectively.

a bias-tee (bandpass filter between 0.1 MHz and 12 GHz). The
non-linear LIV characteristics of the cascade laser generates a
rectified current at the low-frequency tone that is proportional
to the response at the carrier frequency. It is assumed that this
response is the transfer function that governs the electrical carrier
density under high-speed modulation. The rectified current is
collected by the lock-in amplifier (EG&G Instruments 7220
DSP) connected to the DC port of the bias-tee (maximum DC
current of 750 mA). It is thus possible to determine the electrical
bandwidth of the two devices, as shown with the blue curves
in Fig. 3. Generally, the laser under study is DC biased below
optical threshold, in order to maximize the non-linear response
and the rectified current retrieved by the lock-in amplifier. In
our case, the electrical rectification was performed at 100 mA
for the QCL while the current threshold is 515 mA and it was
performed at 20 mA for the ICL while the current threshold
is 71 mA. As we will study an optical transmission, it is also
relevant to determine the optical bandwidth of the lasers and
to compare it with the electrical bandwidth we retrieved with
the rectification process. In this case, the laser is pumped above
threshold and the synthesizer generates a sine wave with fre-
quencies from 10 MHz to 2000 MHz. The optical signal emitted
by the laser is then collected by a Mercury-Cadmium-Telluride
(MCT Vigo PVI-4TE) detector with integrated amplifier and
analyzed with an electrical spectrum analyzer working up to
43 GHz (Rohde&Schwarz FSU). The MCT detector has a 3-dB
bandwidth of 700 MHz per manufacturer’s specification. The
result is depicted with red curves in Fig. 3 and shows a good
agreement up to 1 GHz with the electrical rectification in the case
of the QCL. In the case of the ICL, the electrical and the optical
response are in accordance up to 300 MHz even if attenuation
dips are stronger in the case of the electrical rectification. These
discrepancies may be explained by the difference in pumping
conditions, because an increase of the internal photon density
is known to increase the response at high frequency [34]. From
these two charts, one can see that neither the 700 MHz bandwidth
of the MCT detector nor the relaxation oscillation of the ICL in
the GHz range limit the transmission capabilities of the two
lasers, since the response is already strongly attenuated below
these frequencies in the two configurations.

C. High-Speed Modulation Experimental Setup

In the following, we will describe the transmission re-
sults for two different modulation formats: one is NRZ

(non-return-to-zero) and the other one is RZ (return-to-zero)
with 40 % duty cycle [35]. The NRZ signal is produced by a
pattern generator (Hewlett Packard 70841 A) with data rates
between 50 Mbits/s and 3000 Mbits/s while the RZ signal is
generated by an arbitrary waveform generator (AWG Tektronix
7122B) with a sampling rate of 12 GS/s and an analog bandwidth
of 3.5 GHz. For the RZ format, each each symbol is coded with
10 samples leading to a maximum symbol rate of 1200 Mbits/s.
For both the NRZ format and the RZ format, the sequence used
is a 127-bit long (27-1) pseudo-random bit signal (PRBS). The
laser is pumped in CW mode with a low-noise current source
(Wavelength Electronics QCL2000). The DC and AC signals
are combined with a bias-tee prior to the connection to the
laser’s probes. In the case of the ICL, the maximum ouptut
power is rather weak and, consequently, the beam is directly
focused on the MCT detector that is placed one-meter away
from the laser. In the case of the QCL, the light generated by
the laser is sent towards a 50/50 beam splitter, so that part of
the beam can be reflected by a mirror and this allows us to
study the transmission resistance to unwanted external optical
feedback. In order to adjust the feedback strength, a polarizer is
placed in front of the mirror and is initially set in TE position to
hinder back-reflection. The other beam coming from the 50/50
beam splitter is sent towards an MCT detector that is placed
one-meter away from the laser. The QCL beam has a strong
light intensity and a 20-dB optical attenuator followed by a
polarizer is placed prior to the MCT detector to attenuate the
beam and avoid MCT deterioration. Indeed, the MCT can detect
mid-infrared AC signals down to an amplitude of a few dozens
of µW and has a deterioration threshold of roughly 20 mW
continuous power. The electrical AC output of the MCT is sent
towards a low-noise oscilloscope (Tektronix MSO64) with a
maximum sampling rate of 25 GS/s and an analog bandwidth
of 2.5 GHz. The signal is also analyzed with an error detector
(Hewlett Packard 70004 A) in the case of the NRZ format. An
electrical switch allows displaying the two information without
loss of electrical power. The error detector compares the bit of
the seed PRBS signal with the bits of the received PRBS signal
and allows recovering the real-time number of errors, contrary to
post-analysis based on the shape and height of the eye diagram.
The oscilloscope records the timetraces and a custom Matlab
program resamples the data at a constant sample-per-bit ratio
before plotting the eye diagrams. This program also determines
the threshold leading to the lowest error rate and this is more
accurate than the real-time error detector because the latter has
an amplitude uncertainty of ± 5 mV. This detector however
allows fast optimization without the need to record timetraces.
The full setup in the case of the QCL experiment is shown in
Fig. 4.

III. EVALUATION OF THE COMMUNICATION CHANNEL

A. Transmission Results With QCL

As previously described, the main parameter to assess the
quality of the transmission is the BER. Back in the 90s, com-
munication with semiconductor lasers required BER below
10−11. Forward Error Correction (FEC) was then successfully
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Fig. 3. Experimental rectification for (a) the QCL and (b) the ICL under study. For each chart, the optical rectification is printed in red and the electrical rectification
is printed in blue. The two analyses are consistent in terms of cut-off frequency and local attenuation.

Fig. 4. Experimental setup for the free-space transmission, with a PRBS
pattern generator and a error detector giving access to the BER. When the ICL
(which emits less optical power than the QCL) is under study, the light beam
goes directly to the MCT detector instead of being sent to the beam splitter and
the optical attenuator.

introduced to improve the quality of recovery [36]. The price
to pay, however, is a reduction of the data rate because, during
the transmission, such correction requires additional bits, called
overhead. The target BER determines the relevant FEC, which
is characterized by its category, overhead length and decoding
process. Continuous progress in FEC allows now getting rid of
errors for a BER limit as high as 4 × 10−2 [37], that is called
critical BER value in the following. This limit will be used to
determine the maximum data rate when increasing the optical
attenuation and when applying optical feedback. It is relevant to
note that this critical value corresponds to a complicated soft-
decision FEC threshold, which introduces high latency, and low
BER values without correction are desirable. To complement our
BER analysis, we display the eye diagram of the transmission.
The latter is compared with the eye diagram of the initial bit
sequence. An open eye in such diagrams can be related to the
BER and the wider the eye, the lower the BER [38].

In the case of NRZ format, we are able to achieve a BER of
8 × 10−11 (measured with the error detector; no error found by
the Matlab program within the recorded sequence) when the data
rate is 400 Mbits/s, and the quality of the transmission can be
visualized in Fig. 5(a). The eye is wide open and this means that

one can perfectly discriminate ‘0’ and ‘1’ in the received signal.
Our Matlab program confirms that the transmission is error-free,
which means that the BER is lower than 10−4 considering the
length of our recorded timetraces. This will serve as the reference
value for each BER evaluation with the Matlab program. As
previously explained, we want to increase the data rate while
the transmission remains error-free when evaluated with the
Matlab program, which is more accurate than our real-time
error detector. The maximum rate we can achieve with the NRZ
format is 546 Mbits/s and the corresponding eye diagram is
displayed in Fig. 5(b). When further increasing the bit rate, the
main issue comes from the decision threshold that is fixed for
a given sequence. Indeed, one can see in Fig. 6(a) (top plot)
that when at least two ‘1’ bits are followed by a ‘0,’ the optical
response of the QCL is not sufficient to go below the decision
threshold. Hence, the ‘0’ bit will be considered as a ‘1’ bit.
The same conclusion is true for a long run of ‘0’ bits followed
by a single ‘1,’ and this is detailed in the inset of Fig. 6(a).
One of the options to mitigate this issue would be to use digital
equalization at the receiver level [39]. Another option that is
widely used in communication systems is to distort the seed
signal with transmitter pre-emphasis [40], so that the aforemen-
tioned ‘0’bits (or ‘1’bits) actually have a response below (or
above, respectively) the decision threshold. These methods are
of utter interest and will be evaluated in future work. Instead,
we decide to implement a more resistant modulation format
because distortion is detrimental in our experiment, especially
in the ICL’s case. RZ patterns have shown relevant features
in fiber transmissions [41], [42] and we decided to compare
the performances of RZ and NRZ formats in our free-space
configuration. One can see in Fig. 6(a) (bottom plot) that, for
the same bit pattern and data transmission rate of 680 Mbits/s,
the bits can now be discriminated with no error. The eye diagram
of the corresponding seed signal and recovered message can be
observed in Fig. 6(b). For the RZ case, the Matlab program
confirms that the transmission is error-free, while in the NRZ
case, the BER is 11%. The conclusion is that going from an
NRZ format to an RZ format allows increasing the transmission
rate from 546 Mbits/s to 680 Mbits/s while keeping an error-free
communication.
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Fig. 5. Experimental eye diagrams retrieved for the QCL with an NRZ format at 400 Mbits/s (a) and 546 Mbits/s (b). The green trace corresponds to the seed
signal while the blue trace corresponds to the transmitted signal and exhibits some degradation. At 546 Mbits/s, the degradation becomes quite detrimental. The
purple dashed line is the threshold used by the Matlab program to compute errors.

Fig. 6. (a) role of the RZ format in overcoming the threshold (dashed blue horizontal line) issue observed with the NRZ format at 680 Mbits/s; the bit sequence
for the two traces (delimited by green dash-dot vertical lines) should be ‘1 101 101’ but the black arrows show that only the RZ format translates correctly the ‘0’
bits in this configuration. The inset demonstrates that changing the threshold level in the case of the NRZ format would be pointless because some of the bits, either
‘0’ or ‘1,’ fall outside the designated area. (b) Experimental eye diagrams retrieved for the QCL with an RZ format at 680 Mbits/s. The green trace corresponds to
the seed signal while the blue trace corresponds to the transmitted signal. The purple dashed line is the threshold used by the Matlab program to compute errors.

B. Transmission Results With ICL

As observed from Fig. 3, the electrical and the optical band-
width of the ICL are narrower than that of the QCL, so one
can expect a lower transmission rate. Fig. 7(a) shows an open
eye diagram for a data rate of 50 Mbits/s with NRZ format,
even though jitter and small distortion play a role in degrading
the shape of the eye. These two phenomena lead to an eye that
is strongly deteriorated at 110 Mbits/s and this corresponds to
the maximum rate we can achieve while keeping an error-free
transmission (Fig. 7(b)). Even if this rate is five times lower
than the one we achieved with QCL for the same format, it is
relevant to remind that, up to date, only a 70 Mbits/s transmission

was achieved with ICL and that experiment was carried out at 77
K [8] while our result is obtained at room temperature. Similarly
to the case of QCL, we implement an RZ format in order to try
to improve the data rate of the transmission. At 100 Mbits/s, the
message is now clearly recovered because the pulses coding the
bits are well separated, as detailed in Fig. 8(a). The maximum
rate we were able to achieve while remaining error-free is 300
Mbits/s, and this results in clear improvement compared to the
initial method with NRZ format. The corresponding eye diagram
is depicted in Fig. 8(b) and shows that ICLs can be envisioned as
energy-efficient mid-infrared sources for free-space communi-
cation, provided that the output power of such lasers is increased
in the coming years. The major advantage of the RZ format
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Fig. 7. Experimental eye diagrams retrieved for the ICL with an NRZ format at 50 Mbits/s (a) and 110 Mbits/s (b). The purple dashed line is the threshold used
by the Matlab program to compute errors.

Fig. 8. Experimental eye diagrams retrieved for the ICL with an RZ format at 100 Mbits/s (a) and 300 Mbits/s (b). The purple dashed line is the threshold used
by the Matlab program to compute errors.

in the ICL case could be explained by the strong attenuation
around 40 MHz and around 200 MHz in the laser’s response,
which creates a bandpass filter. This improvement may only be
compatible with short sequences, such as the 127-bit long pattern
we used in the experiment.

C. Resistance to Perturbations

In the previous description of the QCL experiment, the atten-
uation between the laser facet and the MCT detector was set to
23 dB, with 3 dB coming from a 50/50 beam splitter and 20 dB
coming from the optical attenuator. Subsequent attenuation will
degrade the BER and this is what we evaluate in the configuration
with a 400 Mbits/s NRZ format, as visualized in Fig. 9. With the
initial 23 dB attenuation, we reach a BER lower than 10−10 with
the error detector. By rotating the mid-infrared polarizer in front
of the MCT detector, it is possible to increase the attenuation,
which goes from 23 dB for a polarizer angle of 0◦ to 29 dB
for a polarizer angle of 60◦. When increasing the angle of the

Fig. 9. Performance of the transmission with the QCL for a data rate of 400
Mbits/s. The red crosses represent the BER retrieved with the error detector
when varying the polarizer angle in front of the MCT. The red dashed line
corresponds to the critical BER value of 4× 10−2. The blue solid line is the total
attenuation on the optical path (taking into account optical density and polarizer)
as a function of the angle of the polarizer and shows that error correction codes
could improve the transmission up to 29 dB attenuation.
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Fig. 10. Evaluation of the resistance to external optical feedback (a) for an NRZ-format at 400 Mbits/s and (b) for an RZ-format at 680 Mbits/s. Both traces were
retrieved for an optical feedback ratio of 1% and show a degraded signal with a measured BER just above the critical value for the NRZ case, meaning that the
signal is deteriorated beyond the FEC capabilities. The purple dashed line is the threshold used by the Matlab program to compute errors.

polarizer, the BER increases until it reaches a value of 4 × 10−2

at 60◦, corresponding to an attenuation of 29 dB. This means that
the transmission is effective up to 29 dB attenuation because with
BER values below the critical level (dashed line in Fig. 9), it is
possible to apply an overhead (i.e. extra signal bits) to correct
errors. This finding is of utter interest for mid-infrared communi-
cation because a 29 dB attenuation corresponds to a free-space
transmission of 4 km with a visibility of 600 meters [43] and
the conclusion is that QCLs are candidates of choice even in
degraded weather conditions.

The other perturbation we apply to the QCL is external optical
feedback and that is dependent on the linewidth enhancement
factor (LEF) of the laser under study. QCLs should theoretically
exhibit a zero LEF [44] but, under actual operation, the LEF can
amount to values between 2 and 3 [45]. Because of a lower LEF
compared to conventional laser diodes [46], QCLs are renowned
for being less sensitive to optical feedback when they are pumped
with a continuous bias [47]. However, they are more likely to be
destabilized when the electrical bias is modulated [48], and this
case corresponds to our configuration where the current is modu-
lated with a PRBS signal. The charts in Fig. 10 show the degrada-
tion of the BER when the QCL is subject to well-aligned external
optical feedback, with a time delay of 2 ns. The behavior is very
similar for the RZ signal and for the NRZ signal and the errors
could not be corrected, even with 27 % overhead, for a feedback
ratio of more than 1%. Though the configuration we study cor-
responds to a case where the feedback is accurately aligned and
injected back into the laser cavity and this does not occur in real-
istic optical systems, the conclusion is that optical isolators are
required in order to avoid parasitic feedback and unwanted BER
degradation. These devices already exist in the mid-infrared
domain and will be implemented when our system is integrated
into a telescope for real-field long-distance transmissions.

IV. CONCLUSION

In summary, this work addresses free-space communi-
cation capabilities of two types of semiconductor lasers
emitting in one of the transparency windows of the atmosphere.

Our study shows that off-the-shelf packaged QCLs are
compatible with high-speed long-distance transmissions
with realistic optical attenuation. With an NRZ format, data
rates up to 546 Mbits/s were achieved and with an RZ
format, the rate was increased to 680 Mbits/s. The results we
presented also showed the first free-space communication with
a room-temperature ICL. The data rate of 110 Mbits/s obtained
with an NRZ format was strongly improved by selecting an
RZ format. This sets the maximum transmission speed at
300 Mbits/s and is promising for future experiments with these
energy-efficient optical sources. The findings of our study can
be implemented in applications where fiber deployment is rather
difficult and expensive or when the emitter and receiver need
to be mobile. The main advantage of this free-space scheme is
its better resistance to atmospheric perturbation compared with
communication at shorter wavelengths, while being directional.
Further studies will focus on optimizing the RF injection at
the level of the chip so that we can envision versatile easy-to-
implement communication systems with multi-Gbits/s trans-
mission rates. Improvements will also consider digital signal
processing technique at the transmitter level and at the receiver
level to comply with state-of-the-art communication procedures.
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