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Abstract—A roadmap for future wireless communications is
expected to exploit all transmission-suitable spectrum bands, from
the microwave to the optical frequencies, to support orders of
magnitude faster data transfer with much lower latency than
the deployed solutions nowadays. The currently under-exploited
mid-infrared (mid-IR) spectrum is an essential building block for
such an envisioned all-spectra wireless communication paradigm.
Free-space optical (FSO) communications in the mid-IR region
have recently attracted great interest due to their intrinsic merits
of low propagation loss and high tolerance of atmospheric pertur-
bations. Future development of viable mid-IR FSO transceivers
requires a semiconductor source to fulfill the high bandwidth, low
energy consumption, and small footprint requirements. In this
context, quantum cascade laser (QCL) appears as a promising
technological choice. In this work, we present an experimental
demonstration of a mid-IR FSO link enabled by a 4.65-µm directly
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modulated (DM) QCL operating at room temperature. We achieve
a transmission data rate of up to 6 Gbps over a 0.5-m link distance.
This achievement is enabled by system-level characterization and
optimization of transmitter and receiver power level and frequency
response and assisted with advanced modulation and digital signal
processing (DSP) techniques. This work pushes the QCL-based
FSO technology one step closer to practical terrestrial applications,
such as the fixed wireless access and the wireless mobile backhaul.
Such a QCL-based solution offers a promising way towards the
futuristic all-spectra wireless communication paradigm by poten-
tially supporting the whole spectrum from the MIR to the terahertz
(THz).

Index Terms—Free-space communication, quantum cascade
laser, mid-infrared photonics.

I. INTRODUCTION

TO ACCOMMODATE the exponentially increasing data
traffic in our digital society, the fifth generation (5G) wire-

less communication networks currently being deployed have
opened up the spectrum in the sub-6 GHz and the millimeter-
wave (mmWave) bands. Following such a trend, it is fore-
seeable that more electromagnetic (EM) spectral regions will
be utilized for wireless communications beyond the 5G, in-
cluding the terahertz (THz) band (0.1–10 THz) and the opti-
cal frequencies (infrared, visible and ultraviolet). Such a new
paradigm, so-called all-spectra communications, offers the pos-
sibility to create a sustainable technology roadmap beyond the
next generations of wireless communications [1]. Free-space
optical communication (FSO) is expected to play a vital role
in unlocking many current limitations inside the scope of this
all-spectra communication paradigm. The FSO, spanning from
the infrared to the ultraviolet, offers abundant spectral resources
and development opportunities. Moreover, these unlicensed
spectrum windows can potentially offer extra spectral resources
and complementary propagation properties for future wireless
applications, with similar high-directional properties with the
extensively studied mmWave and THz technologies [2]. FSO
technologies have been proposed, studied, and even developed
since decades ago by reusing the fiber-optic components in the
near-infrared (NIR) band (1–2 μm). Unfortunately, these have
not been considered as reliable building blocks of the modern
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ICT infrastructure. The main concern of these NIR FSO tech-
nologies is that they are susceptible to the dynamic atmospheric
environment. Recently, the under-exploited mid-infrared (MIR)
spectral region, in particular the two atmospheric transmission
windows at the mid-wavelength IR (MWIR, 3–5 μm) and the
long-wavelength IR (9–12μm), are attracting increasing interest
for FSO communications, owing to their intrinsic merits of better
robustness against various weather conditions, for instance, scat-
tering by aerosols, rain, and snow, as well as beam broadening
and scintillation by turbulence effects, compared with the NIR
FSO [3].

Several MIR FSO transmission demonstrations have been
reported based on the wavelength conversion approaches, which
up-convert the optical wavelength at the transmitter and down-
convert it at the receiver [4]–[7]. Based on such a nonlinear
process, up to 10 Gbps single-channel transmissions are demon-
strated with in-phase and quadrature (IQ) modulated signals
[8], [9]. Very recently, by extending this approach with multi-
dimensional multiplexing techniques, MIR FSO transmissions
with an aggregated data rate of up to 300 Gbps are demonstrated
[10]. However, its inherent hardware complexity and high power
consumption can hinder its practical development, compared
with the highly integrable semiconductor transceiver technolo-
gies developed for fiber-optic and wireless communication sys-
tems. Therefore, it is essential to identify a viable semiconductor
technology easily miniaturized with low power consumption for
practical MIR FSO transceiver development.

Quantum cascade laser (QCL), which can cover the MIR to
the THz range by exploiting inter-subband transitions [11], [12],
has appeared promising for MIR FSO transceivers. The later
breakthrough in continuous-wave (CW) and room-temperature
operation further enhanced the potential of applying QCLs for
communication systems [13]. Particularly, directly modulated
(DM) QCLs can benefit from their intrinsic high modulation
bandwidth, resulting from their short carrier relaxation life-
time, making the laser response over-damped leading to the
suppression of a resonance frequency [14], [15]. Several DM
QCL-based FSO transmissions have been demonstrated since
the early 2000s [16]–[20]. However, practical shortcomings in
one or more aspects limited their further development. More
specifically, these works either were demonstrated at cryogenic
temperatures to support digital binary transmission of up to a
few Gbps [16] or were limited to a few hundreds of MHz analog
signal bandwidth with Peltier cooling [20]. Similar MIR-FSO
demonstrations were also reported with directly modulated inter-
band cascade lasers (ICL), with data rates limited to a few tens
of Mbps [21]. In recent years, high bandwidth modulation of
QCLs at room-temperature has been made possible [22], [23],
which has prompted renewed interest in studying QCL-based
FSO systems. Lately, a few QCL-based FSO demonstrations
are reported for both classical and private free-space com-
munications [24]–[26]. Besides the DM QCL-based schemes,
MIR-FSO based on external modulation has also emerged as a
promising alternative. For example, up to 10 Gbps binary data
transmissions at 9 μm have been demonstrated recently with
a large bandwidth amplitude modulator [27], indicating great
potential for further explorations.

On top of it, it has been a common practice for digital
communication systems, both in fiber-optics and wireless, to em-
ploy advanced modulation, digital signal processing (DSP), and
coding techniques to realize capacity-approaching transmission
performances. In this aspect, the state-of-the-art includes modu-
lation and detection of up to 4 Gbps pulse amplitude modulation
(PAM) and discrete multi-tone (DMT) signals that are directly
modulated with a MIR QCL operating at room temperature,
enabled by effective digital equalizations [28], [29]. Yet, the
reported transmission distance was limited to 5 cm due to the
receiver’s low signal-to-noise ratio (SNR) without proper beam
collimation.

In this paper, we extend our preliminary results recently
reported in [30] and explain in detail the digital pre- and post-
equalization methods, as well as show additional experimental
results. We show our improved MIR FSO transmission demon-
stration with a 4.65-μm DM QCL and a bandwidth-limited
commercial mercury cadmium telluride (MCT) photovoltaic
MIR detector. The QCL is operated at room temperature in
this demonstration, and proper collimation is configured on the
laser mount. The transmission distance is increased to 0.5 m,
with a substantial extra power margin for further extension. We
perform a thorough exploration of the system limit with three
modulation formats, namely, non-return-to-zero on-off-keying
(NRZ-OOK), PAM4, and PAM8, both with and without digital
post-equalizations. Without any post equalizations, we demon-
strate that up to 1.6 Gbps data rate with NRZ-OOK signal is
achievable with a bit error rate (BER) below the 6.7% overhead
(OH) hard-decision FEC (HD-FEC) limit. Furthermore, with
effective digital post-equalizers applied, up to 6 Gbps PAM8
signals are transmitted over the bandwidth-limited link and
successfully received below the same FEC threshold. To the best
of our knowledge, this work presents the highest reported bit-rate
distance product of DM QCL-based MIR FSO transmission at
room temperature.

II. SYSTEM CONFIGURATION AND CHARACTERIZATION

A. Experimental Setup of the QCL-Based FSO Transmission
System

The QCL-based mid-IR FSO transmission system is demon-
strated experimentally with a tabletop setup, as shown in Fig. 1.
The three modulation formats under test, NRZ-OOK, PAM4,
and PAM8, are generated offline with a transmitter-side (Tx)
digital signal processing (DSP) routine at a lab computer. The
Tx DSP routine consists of a PAM mapper where a repeated
pseudorandom binary sequence of the word length of 215 − 1
(PRBS-15) is mapped to the PAM symbols. Such a word length
is chosen to avoid any deterministic patterning effects occurring
with shorter bit sequences, e.g. PRBS-7 or PRBS-9, resulting
in over-optimistic transmission performances at high bit rates.
The generated PAM symbols are then pulse shaped with a
raised cosine filter of 0.15 roll-off factor and re-sampled to
match the sampling rate of the arbitrary waveform generator
(AWG). Before loading the signal to the AWG, we applied a
simple static pre-emphasis filter to pre-compensate the system
bandwidth limitation. The details of the pre-emphasis processing
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Fig. 1. Experimental setup with the configuration details of transmitter and receiver DSP. PRBS: pseudorandom binary sequence; AWG: arbitrary waveform
generator; TEC: temperature controller; MCT: mercury cadmium telluride; DSO: digital storage oscilloscope; DFE: decision-feedback equalizer. The photos of
the IR power meter and the MCT receiver, the link, and the QCL mount are shown in insets (a), (b), and (c), respectively.

is described in Section II-C. The digital signals after the Tx DSP
are converted to the analog domain by the AWG, which has a
3-dB bandwidth of 12 GHz and operates at 50 GSa/s to avoid
aliasing. In practice, with an anti-aliasing filter, a lower sampling
rate of around 8 GSa/s is sufficient to support the demonstrated
data rates in this experiment.

The output signals from the AWG are electrically amplified
to at least 2.5 Vpeak−to−peak by a linear driver amplifier. The
amplitude of the driving signals is varied between different baud
rates and modulation formats for performance optimization. A
custom-made bias tee is used to deliver the modulation signal
and the laser bias current to the QCL chip under test. The QCL
chip is fabricated by mirSense, a distributed feedback (DFB)
laser model from a previously reported design, and has a center
wavelength of 4.65-μm [22]. The laser chip and the bias tee
are mounted on a commercial QCL mount (ILX Lightwave
LDM-4872) with a Peltier temperature controller (TEC) and a
water-cooled base. A beam collimating lens installed at the QCL
mount is used to collimate the high-divergence optical beam
emitted from the QCL chip. The highly directive mid-IR signal
is transmitted over a 0.5-m distance, which is chosen due to
the tabletop space constraint and local laser safety regulations.
At the receiver, we firstly calibrate the received signal power
with an IR power meter, and the calibration results are further

detailed in Section II-B. Later, we replace the IR power meter
with a commercial MCT (HgCdTe) photovoltaic MIR PD for the
transmission measurements. The picture of the IR power meter
and the MCT PD are shown in Fig 1(a). The PD is mounted
in a thermo-electrically cooled module and has a built-in trans-
impedance amplifier (TIA). The 3-dB bandwidth of the MCT
PD as per the manufacture’s specification is around 720 MHz.

The received signal is converted to digital samples at a real-
time digital storage oscilloscope (DSO) operating at 10 GSa/s.
We collect the converted digital traces at the lab computer and
perform a receiver-side (Rx) DSP routine offline to recover the
transmitted data. The Rx DSP consists of a matched filter, timing
recovery, a symbol-spaced adaptive decision-feedback equalizer
(DFE), and symbol demodulation. In the end, the recovered data
sequence is compared with the transmitted data for bit error rate
(BER) computation. Each received signal trace consists of 520
k symbols for BER calculation.

B. Device and Subsystem Characteristics

We first characterize the power and frequency response of the
combined QCL and MCT MIR PD subsystem. The measured
P-I curve of the QCL is shown in Fig. 2(a). The QCL under CW
operation has a lasing threshold of 178 mA at a temperature of
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Fig. 2. (a) The output power of the QCL under CW operation as a function of driving current. (b) The MCT IR PD PV as a function of the received optical power
(ROP). (c) End-to-end S21 characteristics measured at optimum received optical power level.

292 K (19 °C). To prevent potential damage to the QCL chip from
overdriving, we measured with a laser bias current of up to 255
mA, at which the QCL has an output power of 32.7 mW. Since
no sign of output saturation is observed at this power level, we
keep the laser operating at this bias point during all transmission
measurements.

As shown in later sections that the signal transmission perfor-
mances are measured with respect to the photovoltage (PV) of
the MCT MIR PD, we perform power calibration measurement
of the receiver. The calibration result is shown in Fig. 2(b). It is
observed that the absolute PV value of the MCT PD increases
linearly with the received optical power across the range of
measurement.

Finally, we use a vector network analyzer (VNA) to char-
acterize the end-to-end frequency response of the system from
the QCL input to the MCT PD output. During the measure-
ments, we observe that the system bandwidth is correlated with
the laser power, and increasing the power beyond an optimal
value causes a decrease in bandwidth. Such a bandwidth-power
correlation may be attributed to the known fact that the QCL
modulation bandwidth often varies with the laser bias [31] or
further partly due to the detector saturation. In our configuration,
the optimal received optical power (ROP) is found to be 10 mW,
corresponding to a detector PV of 1.3 V. Fig. 2(c) shows the
characterized system bandwidth at the optimum received power
level. The end-to-end 3-dB bandwidth is found to be around
320 MHz, and 6-dB bandwidth is around 450 MHz. The current
system bandwidth is most likely limited by the MCT MIR PD
and the electrical parasitic in the laser mount, which is to be
verified systematically in our next-step studies when a broader
bandwidth detector is available.

C. The Transmitter Pre-Emphasis Filter Configuration

Fig. 2(c) shows that the limited end-to-end system bandwidth
can impose strong frequency roll-off of the transmitted signals
at gigabit data rates. To pre-compensate such frequency roll-off,
we apply a low-complexity 2-tap pre-emphasis finite impulse
response (FIR) filter at the transmitter right before the digital-to-
analog conversion. The Z-domain transfer function of the filter is

Hpre−emphasis(Z) = 1 + αZ−1, where α is the pre-emphasis
coefficient ranging from 0 to −1. When α = 0, there is no
pre-emphasis, and α = −1 corresponds to a maximum pre-
emphasis with a substantial enhancement of the high-frequency
response. Fig. 3(a) shows the magnitude frequency response of
the pre-emphasis filter at the transmitter with different α values.
In our transmission experiments, the pre-emphasis coefficient
α is kept at −0.99 to ensure an effective pre-compensation of
the frequency roll-off of the broadband signals. The generated
eye diagrams for NRZ-OOK, PAM4, and PAM8 before and
after the pre-emphasis filtering are shown in Fig. 3(b)–(g). It is
observed that the pre-emphasis filter pre-distorts the signal and
induces eye closure at the transmitter. Yet, it improves the overall
transmission performance after the strong filtering imposed by
the FSO link.

III. SYSTEM TRANSMISSION RESULTS

After characterizing the power and frequency performance
of the QCL-based transmitter and MCT receiver, we continue
evaluating the system transmission performance with the pre-
viously mentioned three modulation formats, i.e., NRZ-OOK,
PAM4, and PAM8. For each modulation format under test,
we explore the highest bit rates with achievable BER against
two hard-decision FEC thresholds, i.e., the 6.7%-OH staircase
HD-FEC limit of 4.5E-3 and the KP4-FEC limit of 2.2E-4. [32],
[33] One should note that these two FEC thresholds are only
adopted for performance benchmarking, and more specific FEC
codes should be applied in practice.

A. Transmission Performance of NRZ-OOK Signals With and
Without Digital Post-Equalization

Firstly, we evaluate the system-supported data rate with-
out digital post-equalizers, which may be favored in specific
time-sensitive applications. In our experiment, only the NRZ-
OOK signal format can be successfully demodulated without
post-equalization. In contrast, the vertical eye openings of the
unequalized PAM4 and PAM8 signals are undetectable for the
targeted BER thresholds. The highest achievable baud rates
for unequalized NRZ-OOK to reach below the 2.2E-4 and the
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Fig. 3. (a) The frequency response of the pre-emphasis FIR filter in magnitude
with different pre-emphasis coefficient α values; (b)–(c). Eye diagrams of
4 Gbaud NRZ signal before and after the pre-emphasis filter; (d)–(e). Eye
diagrams of 2.5 Gbaud PAM4 signal before and after the pre-emphasis; (f)–(g).
Eye diagrams of 2 Gbaud PAM8 signal before and after the pre-emphasis. α
was set to -0.99 in the pre-emphasis cases shown in (c), (e) and (g).

4.5E-3 BER limits are 1.3 Gbaud and 1.6 Gbaud, respectively,
and the measured BER performance as a function of the detector
PV are shown in Fig. 4(a). The optimal PV value where the
lowest BER for both data rates is achieved is around −1.3 V or
10 mW ROP. The eye diagrams of the received signals at−1.3 V
PV without post-equalization are presented in Fig. 4(b). One
can see that despite the inter-symbol-interference (ISI)-induced
eye closure, sufficient eye openings are detectable with a prop-
erly adjusted decision threshold. Further increase of the ROP
degrades the BER performance, mainly due to the bandwidth
shrinkage mentioned earlier. Finally, we evaluate the stability
performance of the transmission for both data rates and show
the results in Fig. 4(c). During this test, the system was kept
running at the optimal operation point to capture and process
the received data traces in a quasi-real-time manner, and the
BER results are plotted on the fly. More than 250 traces with
4 million samples per trace are processed over more than 30
minutes for each data rate. One should note that the time duration

Fig. 4. (a) BER as a function of the detector PV for NRZ-OOK signals without
any post digital equalization at 1.3 Gbaud (1.3 Gbps) and 1.6 Gbaud (1.6 Gbps),
respectively. (b) Selected eye diagrams for both data rates measured at PV of
−1.3 V. (c) System stability test results at both data rates.

of the stability test depends on the time required to transfer and
process a trace and this time is different for each modulation
format. In this case, only a few outliers with marginally higher
BER than the corresponding FEC limits are detected throughout
the measurement time due to vibrations, indicating a stable
performance for both the DM QCL-based transmitter and the
MCT detector.

We then explore the highest supported data rates with NRZ-
OOK signal after introducing the digital post equalizers. A
symbol-spaced DFE consisting of 33 feed-forward (FF) taps
and 33 feedback (FB) taps are applied in the measurements. With
effective post-equalization, 3 Gbaud NRZ-OOK signal can reach
below the KP4-FEC limit, and the HD-FEC limit can be achieved
at 4 Gbaud. Fig. 5(a) shows the measured BER results for
NRZ-OOK signals for both baud rates. We find that the optimal
PV range for both baud rates is between −1.2 V and −1.4 V,
which corresponds to the ROP of between 5.2 mW and 11 mW.
The equalized signal eye diagrams at −1.2 V for both baud rates
are shown in Fig. 5(b). Clear eye openings are achieved thanks
to sufficient receiver SNR and effective equalization. Fig. 5(c)
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Fig. 5. (a) BER as a function of the detector PV for NRZ-OOK signals at
3 Gbaud (3 Gbps) and 4 Gbaud (4 Gbps), respectively. (b) Selected eye diagrams
for both data rates measured at PV of −1.2 V. (c) System stability test results at
both data rates.

presents the system stability test results operating at −1.2 V PV.
Similarly, stable BER performances are observed for both data
rates over 260 data traces, collected during around 1 h period
for each case.

B. Transmission Performance of PAM4 Signals

We switch to the PAM4 signal format with the same system
configuration to explore the supported data rates against the
two benchmarking FEC thresholds. The corresponding BER
performances are also measured accordingly. The same DFE
configuration as the NRZ-OOK case is adopted. 2 Gbaud and
2.5 Gbaud PAM4 signals are successfully transmitted and re-
ceived through the MIR FSO link to reach below the respective
KP4- and HD-FEC limits, corresponding to raw data rates of
4 Gbps and 5 Gbps. We plot the BER curves for the PAM4 signals
at these two baud rates in Fig. 6(a). The optimal detector PV for
2 Gbaud PAM4 was around −1.2 V, and for 2.5 Gbaud around
−1.25 V. For the PAM4 cases, we observe a slightly steeper
BER degradation compared with NRZ-OOK when increasing
the received power beyond the optimal values. This observation

Fig. 6. (a) BER as a function of the detector PV for PAM4 signals at 2 Gbaud
(4 Gbps) and 2.5 Gbaud (5 Gbps), respectively. (b) Selected eye diagrams for both
data rates measured at their respective optimal PV values. (c) System stability
test results at both data rates.

can be attributed to the additional impairment caused by the
MCT detector TIA saturation, which affects the system linearity
required by higher-order PAM signals. The eye diagrams for
PAM4 signals detected at their optimal ROP for both baud
rates are shown in Fig. 6(b). Though slight eye compression
is observed at 2.5 Gbaud, satisfying BER performances are
guaranteed with clear and adequately wide eye openings in both
cases. Similarly, the system stability tests for PAM4 at both
data rates are performed at their respective optimal operation
points. As seen in Fig. 6(c), no single outlier point crossing the
corresponding FEC limits is detected over the ∼1-hour duration
for both data rate cases.

C. Transmission Performance of PAM8 Signals

Finally, we employ the PAM8 signal format to explore the
system limit further. For an effective equalization, a DFE with
55 FF taps and 55 FB taps is used in the PAM8 cases. 1.5 Gbaud
and 2 Gbaud PAM8 signals, corresponding to raw data rates
of 4.5 Gbps and 6 Gbps, are found to be achievable against the
KP4- and HD-FEC limits, respectively. Fig. 7(a) shows the BER
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Fig. 7. (a) BER as a function of the detector PV for PAM8 signals at 1.5 Gbaud
(4.5 Gbps) and 2 Gbaud (6 Gbps), respectively. (b) Selected eye diagrams for both
data rates measured at their respective optimal PV values. (c) System stability
test results at both data rates.

performance for the PAM8 signals measured against the MCT
detector PV. An optimal detector PV of −1.3 V is identified for
both baud rates, considering the trade-offs among the required
signal SNR, the system linearity, and the detector bandwidth.
As shown in Fig. 7(b), clear eye openings are again observed
after equalization at both baud rates, indicating a low-noise and
high-linearity performance of the MIR FSO system, particularly
the DM QCL-based transmitter. Fig. 7(c) presents the measured
system stability when operating with the PAM8 signals. Longer
processing time is required compared with NRZ-OOK, and
PAM4, due to the increased number of bits carried with the
same number of samples per data trace, resulting in more than
80 minutes of testing duration for each data rate. Again, stable
BER performances are kept throughout the measurements, with
only a few outlier cases marginally crossing the corresponding
FEC thresholds.

IV. CONCLUSION

In this work, we have demonstrated a directly modulated
QCL-based MIR FSO link with three amplitude modulation
formats, i.e., NRZ-OOK, PAM4, and PAM8, operating at room
temperature. Without any post-equalization, successful trans-
missions of NRZ-OOK signals of 1.3 Gbps and 1.6 Gbps are

achieved with BER performances below the KP4-FEC and the
6.7%-OH HD-FEC limits, respectively. Assisted with effective
post equalization techniques, up to 4.5 Gbps data rate to meet
the KP4-FEC threshold and up to 6 Gbps data rate to reach
the HD-FEC threshold are successfully demonstrated over the
0.5-m MIR FSO link. Enabled by proper beam collimation, thus
the enhanced receiver SNR, this demonstration shows a 50%
higher achievable data rate with ten times longer reach than the
previous record of 4 Gbps data rate over 5 cm link distance.
Since the atmospheric attenuation at this wavelength window is
below 1 dB/km [3] and the power margin of the current MIR
FSO setup is considerably large, we can confidently expect a
much longer transmission distance at the same data rates for all
three tested modulation formats with ideal alignment and beam
collimation. Therefore, in the near term, we plan to take extra
laser safety measures and make further research efforts towards
higher data rates and longer-distance transmissions in the MIR
region. In the mid to long term, research towards the all-spectra
communication paradigm by opening the spectrum window
from the MIR to the THz can be well-envisioned with such QCL-
based technologies. The optimal choice of modulation formats
in this spectral region will also need to be explored by jointly
considering the tradeoff between the bandwidth and the SNR,
as well as the propagation characteristics of the dynamic atmo-
spheric channel. Furthermore, with the recent research progress
in ultrafast mid-IR photodetectors [34], [35] and high-speed
modulation of room-temperature THz QCLs [36], [37], orders
of magnitude higher transmission data rates crossing the MIR to
the THz region can be expected by extending the system-level
methodologies of this work. These topics will be the focus of
our next-phase explorations.
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