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Abstract— Free space optical (FSO) communication is
considered a critical part of future ICT infrastructure,
particularly in non-terrestrial communication segments. In this
context, the ability to achieve fast and reliable FSO propagation
through long-distance atmospheric channels is the most
important factor in choosing technological solutions. One
property of optics directly related to this factor is the choice of
wavelength. It has been identified that the mid-infrared (mid-IR)
regime, which includes two atmospheric transmission windows—
the mid-wave IR (MWIR, 3-5 pm) and the long-wave IR (LWIR,
8-12 pm)—can potentially offer a promising solution for
achieving such performance. Additionally, viable semiconductor
sources and detectors that support high-speed and efficient signal
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transmission are also considered critical to generating sufficient
critical mass to advance the application of mid-IR FSO. Unipolar
qguantum optoelectronics, including quantum cascade lasers
(QCL), Stark modulators, quantum cascade detectors (QCD),
and quantum-well IR photodetectors (QWIP), among other
components, emerge as potential candidates to build such FSO
subsystems and systems. We present our recent efforts in
conducting subsystem and system-level studies with different
variants of these unipolar quantum optoelectronics and
demonstrate the potential for feasible transmitter and receiver
performance in a laboratory environment. We also discuss the
key challenges and considerations of such technologies towards
practical development. Finally, we summarize recent research
and development efforts worldwide in advancing this highly
promising direction.

Index Terms—free space optics, mid-infrared, unipolar quantum
optoelectronics, quantum cascade laser.

|. INTRODUCTION

HE current infrastructure for information and

communication technologies (ICT) is primarily limited

to terrestrial networks, which consist of fiber-optic and
radio access networks. However, the next-generation ICT
infrastructure is envisioned to extend beyond terrestrial
networks to include multi-altitude layers of networks,
spanning all the way from underwater connectivity to air
networks and finally to satellite networks [1]. Free-space
optical (FSO) communications are becoming an essential part
of this paradigm shift process, more than ever, as it extends
the capacity and capability of fiber optics into non-terrestrial
networks (NTN), e.g., satellite networks and aerial networks.
One of the bottlenecks for NTN is identified to be the ground-
to-high altitude platforms (HAPs) or ground-to-satellite links.
Currently, the most used spectral bands between earth and
space are in the radio frequency (RF) range, e.g., the Ku-band
(12 to 18 GHz) and the Ka-band (26.5 to 40 GHz) [2].
Following the roadmap of increasing demand for higher data
rates, one of the essential targets for practical development of
point-to-point FSO systems is to provide robust, reliable
communications through long-distance atmospheric channels.
This challenge imposed severe concerns on almost all FSO
system solutions in the early days, as majority of these
systems attempt to reuse mature passive and active optical
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components developed for fiber-optic telecom systems by
operating at the short-wave infrared (SWIR, 1-2.5 um) region.
However, SWIR is highly susceptible to atmospheric
disturbances like dust, fog, and turbulence effects such as
scintillation. These challenges are significantly mitigated by
shifting to longer wavelengths [3].

The MWIR (3-5 um) and LWIR (8-12 um) bands, two
atmospheric transmission windows in the mid-IR region, offer
substantial advantages for mid- and long-range outdoor
applications [4],[5]. For instance, they provide low
propagation attenuation (less than 1 dB/km) and robustness
against adverse weather conditions. Specifically, they
experience lower Mie scattering from atmospheric particles
and are less affected by turbulence-induced scintillation [6].
This makes them ideally suited for practical applications in
long-distance atmospheric FSO communications. To exploit
these benefits, three main technological approaches have been
developed for mid-IR FSO transmissions: the wavelength-
conversion approach based on difference frequency generation
(DFG) [7]-[13], external modulation based on linear Stark
effect [14]-[17], and directly modulated laser sources with
either interband cascade lasers (ICLs) [18]-[20], or guantum
cascade lasers (QCLs) [21]-[40]. The wavelength-conversion
method leverages existing fiber-optic components and multi-
dimensional multiplexing schemes to achieve high system data
rates and offers great compatibility with fiber-optic telecom
systems [41]. Alternatively, semiconductor optoelectronic
sources, modulators, and detectors directly operate in the mid-
IR, upon maturity, can potentially offer lower energy
consumption, smaller footprints, and greater integrability.
Recent advances in unipolar quantum optoelectronics (UQOs),
including high-bandwidth QCLs, Stark-effect mid-IR
modulators, quantum-well IR photodetectors (QWIP) and
quantum cascade detectors (QCDs), reassure their potential in
the development of mid-IR FSO transceivers.

In this paper, we extend our OFC invited contribution [43]
and provide more detailed descriptions, discussions, review
and outlook on various aspects of mid-IR FSO communication
technologies, with the focus on the recent research and
development of UQOs and their applications in FSO systems.
The purpose of this work is to provide a comprehensive
summary of our progress, offering a clear overview of the
current research landscape, and projecting the technological
roadmap for the next phase of research. The rest of this article
is organized as follows: in Section Il, we present the key
components, particularly the UQOs that enables our
experimental studies of mid-IR FSO transmissions. Section |11
shows our recent FSO experimental demonstrations
empowered by these components, focusing on system-level
performance and tradeoffs. In Section IV we discuss the
challenges and opportunities of next-step research focuses in
driving this technology towards development. Section V
summarizes the recent worldwide research and development
efforts in relevant directions and extrapolates the technological
evolution tendency. Finally, conclusions and an outlook are
given in Section VI.

Figure 1. Optoelectronic components for mid-IR FSO transmitters. (a)
Picture of a typical QCL submount. (b) QCL module after RF bounding
of the submount. (c) Peltier mount hosting the QCL module. (d) Picture
of an external Stark modulator operating at 9 pm in the LWIR band.

1. UNIPOLAR QUANTUM OPTOELECTRONIC COMPONENTS

Unipolar quantum optoelectronics consist of a group of
semiconductor devices that can operate in the mid-infrared
range with bandwidths on the order of gigahertz. These
devices utilize quantum-confined two-dimensional electronic
states that form in the conduction band of technologically
mature semiconductors. They are referred to as unipolar
because only electrons serve as charge carriers in these
systems. When selecting components for system-level
explorations and demonstrations, we focus on key
characteristics such as output power, modulation bandwidth,
efficiency, and linearity on the transmitter side, and
responsivity, detector bandwidth, and saturation power on the
receiver side. It is important to note that devices with these
specific characteristics are mostly not commercially available
currently, particularly for the LWIR band, due to their low
technology readiness level and the limited market size.
However, as technology matures and application demand
increases, these devices are expected to be developed for
practical use. Several key types of UQOs that we have
employed in our mid-IR FSO experiments are described in
detail as follows.

A. Quantum cascade laser

Quantum cascade lasers, invented in 1994, have seen rapid
advancements due to their inherent design potential [44]. They
operate based on intersubband transitions within multiple
quantum wells (MQW) structures. The design features
alternating wells and barriers, typically ranging from 500 to
1000 layers, providing substantial flexibility to innovate with
their configurations [45]-[49]. The development of QCLs has
significantly benefited from using InGaAs/AlInAs alloys on
InP substrates and later GaAs/AlGaAs compaositions on GaAs.
These materials, which were already well-established due to
the advancements in the telecom and photonics industries,
provided a robust foundation for the rapid progression of these
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new semiconductor lasers. Over time, the evolution of these
lasers has increasingly been shaped by the specific demands
and requirements of their practical applications, reflecting a
shift from theoretical exploration to market-driven
development [50]. After the first QCL, researchers have
consistently showcased the remarkable versatility enabled by
quantum engineering. This includes the development of lasers
that emit simultaneously at multiple wavelengths [51], those
incorporating integrated sum-frequency nonlinearities [52],
and lasers with broadband tunability [53]. The emission
properties of these advanced devices stem from modifications
made to the quantum-mechanical structure of the active
region. Additionally, substantial progress was made in
enhancing output power, increasing operating temperatures
and enabling continuous-wave (CW) operation through
refinements of active region designs [54]-[60].

Single-mode narrow-linewidth tunable mid-IR lasers are
crucial for many applications. One predominant method for
achieving tunable single-mode operation is distributed
feedback (DFB) QCL, with a Bragg grating into the laser
waveguide, favoring a single wavelength determined by the
grating period [61]. In 2005, a room-temperature CW DFB
QCL was demonstrated using a buried grating [62]. To date,
continuous improvements have been made in increasing
output power, enabling functionality in high temperatures, and
reducing power consumption [63]-[69]. Notably, directly
modulated (DM)-QCLs feature ultra-short carrier relaxation
lifetimes, which enable high intrinsic modulation bandwidths
and suppress the resonance frequency by making the laser
response over-damped [70]. In recent years, the capability for
high bandwidth modulation of QCLs at room temperature has
sparked renewed interest in their application in FSO
communication [71]. QCLs have been considered for
applications in mid-IR and LWIR FSO communications since
the early 2000s [21]-[24]. However, progress in this field has
fallen behind FSO communications advancements in the 1.55
um telecom band due to the limited maturity of devices and
components operating at these frequencies. Despite this, the
evolving requirements for 6G technology create new
opportunities for QCLs as additional spectral windows are
required for high-speed communications.

Figure 1(a) shows a picture of one of the DFB QCL chips
that we employ in our FSO transmission studies. These chips
were fabricated by mirSense, and they are designed to operate
either in the MWIR or in the LWIR regions. They are
engineered to operate in CW mode, delivering several tens of
milliwatts of output power. This power level is found
sufficient for laboratory FSO communication demonstrations,
balancing the need for signal power with thermal management
constraints. Figure 1(b) shows a picture of a QCL submount,
which houses the QCL laser chip. The RF-bound QCL
module, depicted in Figure 2(b), includes a 2.92 mm RF
coaxial interface. The connection between the RF interface
and the QCL submount is facilitated through a coplanar
waveguide on a printed circuit board (PCB). This design
ensures minimal signal loss and maintains the integrity of the
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Figure 2. (a) A typical appearance of RF-bounded QCD/QWIP. (b)
Responsivity spectrum of the QCD. (c) A commercial MCT detector
used for the FSO experiments. (c) Responsivity spectrum of the MCT
detector [351,[36].

high-frequency signals required for efficient data transmission.
To manage the operational temperature of the QCL, the
module is placed in a Peltier mounting module, as shown in
Fig. 1(c). The Peltier module is essential for maintaining
stable temperature conditions, preventing thermal degradation
and ensures optimal operation of the QCL over extended
periods.

B. Stark modulator

Similar to optical communications in fiber-optic systems,
external amplitude modulators have also been recently
designed and developed to perform high-speed modulation in
the mid-IR region. The operational principle of this type of
modulator is typically based on the intersubband linear
quantum Stark effect, achieved by growing asymmetrically
doped quantum wells [72],[73]. This effect is the intersubband
counterpart of the quantum-confined Stark effect (QCSE),
which was originally discovered in interband quantum well
structures [74]. Such a design eliminates the need for gate
implementation typically required for charge depletion,
thereby minimizing intrinsic parasitic capacitances. This
approach not only enhances speed but also improves the
efficiency and reliability of the device. When operating, by
applying alternating electrical field, i.e., the amplitude
modulation signal, on the quantum wells, Stark shift of an
absorbing optical transition in and out of the laser frequency
occurs at the modulator, which in turn modulate the optical
signal amplitude propagating through the modulator. This type
of Stark modulator can be tuned by applying a DC voltage
bias to a certain limit, as the modulation depth would have to
be reduced to avoid field breakdown with too large an offset.

Figure 1 (d) shows a semi-packaged Stark modulator that
operates at 9 um. It is an asymmetric quantum well fabricated
in the GalnAs/AllnAs platform [75]. The dimension of this
modulator is 50 x 50 pm? which limits the modulation
bandwidth to 8 GHz due to geometric capacitance. Therefore,
reducing the dimensions of the modulator can further increase
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Figure 3. Experimental configurations of mid-IR FSO systems with (a)
DM-QCL at the transmitter and (b) external Stark-effect modulator at the
transmitter.

the bandwidth. Per simulation, the modulation bandwidth can
increase up to almost 20 GHz by reducing the modulator
dimensions to 25 x 25 pm? [15]. However, this imposes
greater challenges of performing accurate light coupling in
practical operation, limiting the modulation efficiency and
performance.

C. Quantum well infrared photodetector

QWIP was one of the first UQO devices developed for mid-
IR applications. In the mid-1980s, its concept and the first
QWIP based on GaAs/AlGaAs were reported [76],[77]. QWIP
is also based on intersubband transitions within periodically
cascaded quantum wells and requires a bias voltage to
generate photocurrent. In such a device, a GaAs well with
distinct energy levels allows electrons excited by infrared
photons to escape into the continuum, and under an applied
bias, this results in a net current due to anisotropic electron
movement and tunneling from the upper energy level [78].
Typically, a high responsivity level can be reached when
operating the QWIP at low temperatures, i.e., below 80 K.
However, at room temperature, the performance of QWIP
drops drastically by orders of magnitude in terms of
responsivity due to enhanced thermal noise. Recently, there
have been novel approaches to improve on its performance at
room temperature. One proposed method is to insert the
heterostructure into a patch antenna resonator array, forming a
metamaterial structure [79]. In this way, an antenna effect
occurs to significantly enhance the incoming mid-IR electric
field and expose it to the heterostructure, thus enhancing the
responsivity. Also, by reducing the electrical surface, the
capacitance is also reduced, enhancing the bandwidth. High-
speed room-temperature mid-IR FSO transmissions can be
expected empowered by such a novel detector design that
improves on both signal-to-noise ratio (SNR) and bandwidth.

D. Quantum cascade detector

The concept of quantum cascade detector was firstly
explored by directly using a QCL as a detector in the early
2000’s [80]. Then it was proposed as a new type of QWIP
based on electronic tunnelling through the barriers like QCL
[81]. Compared with QWIP, QCD has a more complex

periodical quantum well structure, which consists of two
major parts, i.e., a broad quantum well is located at the
beginning of the structure with two highly localized states,
then it’s followed by a sequence of narrow quantum wells
with progressively increasing size, allowing electrons to relax
non-radiatively through resonant tunnelling to the next period
[82]. Such an intrinsic asymmetrical structure allows the QCD
to be operated without any bias voltage. A further
improvement was proposed to use first two quantum wells
instead of one to create diagonal radiative transition, allowing
more efficient electrons extraction, enhancing the detector
responsivity [83]. QCDs are also known for their extremely
short carrier relaxation times, typically in the picosecond (ps)
range [84],[85]. Moreover, QCD generally has small footprint
and allows for stable performance without the need for
additional cooling modules for room temperature operation.
To date, there have been continuous efforts in improving the
performance of QCDs in expansive bandwidth, high-
temperature operation, and low energy consumption, including
embedding the detector in antenna to form a metamaterial
pattern [86], like the recent progress in QWIP.

Figure 2(a) displays a LWIR QCD module used in our FSO
system experiment, which is analogous to the design reported
in [87]. The responsivity spectrum of the QCD is shown in
Fig. 2(b). One can observe that the responsivity region of the
QCD is concentrated around 9 um. This localized sensitivity
indicates the necessity for designing specific detectors that
operate effectively at different wavelengths to match different
transmitter lasers.

Besides the UQOs, we also employ mercury cadmium
telluride (Hgi<CdxTe, MCT) detectors in our mid-IR FSO
experiments. In contrast to QCD and QWIP, MCT detector is
not a member of UQOs as it is typically based on a bipolar
mechanism where both electrons and holes contribute to the
charge transport and detection processes [88]. Though with
relatively limited bandwidth, MCT detectors are highly
sensitive and can operate across a wide spectral range [89].
Figure 2(c) shows an image of a commercial MCT detector
module with a built-in transimpedance amplifier (TIA) that we
employed in both MWIR and LWIR FSO experiments. The
response spectrum of this module, depicted in Fig. 2(d),
highlights a wide operational range that spans both
transmission windows. This span facilitates the potential use
of wavelength-division multiplexing (WDM) configurations
with a unified detector design.

I1l. TRANSMISSION SYSTEM DEMONSTRATIONS

We have conducted a series of experimental demonstrations
using QCLs across both the MWIR and LWIR bands. It is
worth noting that, rather than being competing technologies,
research efforts in FSO communications in both the MWIR
and LWIR bands collectively contribute to building
momentum toward achieving viability. As we have reported
and summarized our QCL-based MWIR FSO works
previously [33],[90], in this paper, we focus on our most
recent LWIR FSO system experimental studies. So far, all our
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Figure 4 System characteristics and transmission results using a 9.15-um DM-

DMT signal formats. (a) L-1-V curves of the QCL at different temperature valu

QCL and the MCT detector of 700 MHz bandwidth with both PAM8 and
es. (b) End-to-end system amplitude response. (c) BER performance versus

laser bias current with fixed receiver photovoltage of -1.1 V. (d) BER performance versus receiver photovoltage with fixed laser bias current of 500 mA. (e)
System stability test results. Selected eye diagrams of (f) 2.5 Gbaud and (g) 2.7 Gbaud PAMS signals. (h) The probed SNR values across the SCs and the bit

allocation for the SC bit-loading scheme with Chow’s algorithm for DMT signal

| transmissions. (i) BER versus photovoltage with different SC modulations.

(i) BER versus laser bias current with different SC modulations. (k) Corresponding subcarrier constellations with different modulation orders after the

channel equalization. [35], [38] (IEEE, reprinted with permission.)

experiments have been performed in indoor laboratory
environments with short distance between the transmitter and
receiver, with the focus on the transceiver subsystems’
characteristics and performance.

A. Experimental configuration of FSO transmission systems

Figure 3 depicts experimental configurations of the LWIR
FSO transmission systems. Figure 3(a) shows the setup when
we use DM-QCL as the transmitter, and Figure 3(b) shows the
setup employing an external Stark modulator as transmitters.
At the receiving end, we used various types of PDs, including
two different MCT detectors and the QCD module described
previously.

There are two main strategies to increase the systems’
overall bitrates, i.e., first, increasing signal bandwidth, and
second, enhancing spectral efficiency. The first strategy
involves a comprehensive upgrade of the end-to-end system
bandwidth, affecting all bandwidth-limited optical and
electrical components and entailing advances in device and
material design and fabrication technologies. In contrast, the
second strategy utilizes digital pre- and post-equalization
techniques alongside FEC codes to attain a BER that meets
application requirements [91]. In our experiments, as our
systems are mainly bandwidth limited, we adopt both
conventional non-return-to-zero on-off keying (NRZ-OOK)
and advanced signal formats such as multi-level pulse
amplitude modulation (PAM) and discrete multi-tone (DMT)
signals. These advanced modulation formats can offer higher
spectral efficiencies in bandwidth limited FSO systems, at a
cost of higher required SNR [92]. As shown in Fig. 3, signals
with various modulation formats were generated as digital
samples offline in MATLAB after transmitter-side (Tx) digital
signal processing (DSP). These Tx-DSP algorithms include
bit-to-symbol mapping and static pre-equalization for PAM,
and bit- and power-loading for DMT, after acquiring the
channel information. In all our system experiments, we used
pseudorandom binary sequences of over one million bit-

length, generated using the Mersenne Twister algorithm in
MATLAB with a shuffled seed number to ensure stringency.
Subsequently, the samples were converted to the analog
domain using an arbitrary waveform generator (AWG).

For both direct and external modulation schemes, bias tees
were used to deliver the bias current/voltage and modulation
signals to the laser/modulator. For the DM-QCL experiments,
at the QCL's output, the modulated light beam at the center
wavelength of the laser chip was emitted into free space. The
beam is first collimated with a collimation lens, which ensures
that the beam maintains its integrity and directionality over
distances. For the external Stark modulator experiment, to
ensure an optimal free-space coupling to the modulator, we
needed to firstly expand the beam with a two-lens beam
expander setup. In this way we can focus the beam into a
small focusing spot to minimize the coupling loss. After
modulation, the emitted signal from the modulation is again
collimated with a third lens and launched into the free space.
After free-space transmission, the beam is gathered using one
or two lenses, strategically positioned to accurately focus and
direct the light depending on the aperture of the detector. It is
noted that the FSO transmission distances vary in different
experiments, ranging from 50 cm to 1.5 meters, confined by
our optical tabletop size due to lab laser safety regulations.

The received signal is focused onto a detector, generating
an electrical output. This output is then amplified and captured
using a real-time digital sampling oscilloscope (DSO). The
digital samples undergo offline receiver DSP for signal
demodulation and bit error rate (BER) counting. For NRZ-
OOK and PAM signals, we used data-aided feedforward
equalizer (FFE) and the decision-feedback equalizer (DFE). It
is worth noting that the AWG and the DSO were connected to
the same computer and operated via the same script. This
setup created a closed loop that allowed the system to
continuously capture and process the received signal in a
quasi-real-time  manner.  This integration  facilitated
streamlined data handling and analysis, ensuring efficient
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Figure 5 System characteristics and transmission results using a 9.6-um DM-QCL and the QCD of 2 GHz bandwidth with NRZ-OOK and PAM4 signals. (a)
End-to-end system amplitude response when laser operating at 0°C. (b) The measured photocurrent of the uncooled QCD as a function of incident CW
optical power. (c) BER as a function of the laser bias current for NRZ-OOK signal at 8 Gbhaud and PAM4 signal at 5.5 Gbaud (11 Gb/s) and 6 Gbaud (12
Gb/s). (d). Selected eye diagrams for both the 5.5 Gbaud PAM4 and the 8 Gbaud NRZ-OOK signals measured at optimal laser bias points. [39]

signal processing throughout the experiment.

B. 9-um FSO using DM-QCL and 700 MHz MCT detector

Figure 4 summarizes our experimental characterizations of
an LWIR FSO transmission setup in the LWIR window [37]-
[39]. We used a 9.15-um DM-QCL at the transmitter side, and
its light-current-voltage  (L-I-V) curves at different
temperature are shown in Fig. 4 (a). At the receiver side, we
placed a 700 MHz MCT detector. Figure 4(b) shows the end-
to-end system bandwidth characterized by generating a
frequency comb with the AWG and capturing after
modulation and reception with the DSO. As we discussed
previously, the MCT detector has superior responsivity and
low noise. Therefore, we adopted two spectrally efficient
modulation formats, i.e., 8-level PAM (PAM-8) and DMT
with this experimental configuration. Figure 4 (c) and (d)
shows the BER performances as a function of the transmitter
and receiver power, respectively. We observed that there is an
optimal laser bias current balancing transmitted power and
modulation linearity. Similarly, an optimal received power
balancing SNR and detector nonlinearity was also identified.
We performed stability tests for PAM-8 signals at two symbol
rates, i.e., 2.5 Gbaud and 2.7 Gbaud, and the results are shown
in Fig. 4 (e). Stable BER performance was observed in the
laboratory environment lasting for about 1 hour. By
benchmarking agains the 6.25% overhead (OH) hard-decision
forward error correction (HD-FEC) limit [93], the highest
achievable gross data rate with PAM-8 in this configuration is
8.1 Gbps. Fig. 4 (f) and (g) shows selected eye diagrams of
PAM-8 signals at the two symbol rates, captured at the
optimal operational point. Clear eye openings and negligible
nonlinear compressions were seen on both diagrams. For
DMT, the bit- and power-loading configuration is shown in
Fig. 4(h). To explore the highest achievable data rate, similar
sweeps on the laser bias current and the received power were
performed, as shown in Fig. 4(i) and (j). Figure 4 (k) shows
selected subcarrier constellations with different modulation
orders. Though through bit- and power-loading the DMT can
maximally adapt to the channel response, the time domain
signal experienced a very high peak-to-average power ratio
(PAPR), limiting the overall SNR across all subcarriers.
Consequently, the highest gross data rate achieved with DMT
was 5.1 Gbps with this configuration. Therefore, in later

experimental studies we focused on PAM modulation formats.

C. 9.6-um FSO using DM-QCL and QCD

Figure 5 shows the system characterization and
transmission performance of a LWIR FSO system using a 9.6-
pm DM-QCL at the transmitter and a fully passive QCD at the
receiver [39]. This QCL unit has the similar design as the
9.15-um unit used in previous works. The end-to-end system
response is shown in Fig. 5 (a) when operating the laser at
0°C. Figure 5 (b) shows the responsivity characterization of
the employed QCD by measuring the generated photocurrent
when sweeping the incident optical power. It was observed
that only sub-mA photocurrent was generated with tens of
mW received optical power, resulting in limited SNR of the
received signal. Due to the difficulty of alignment and
focusing on the detector side, we only swept the QCL bias
current to identify the optimal operation point and kept the
received optical power at maximum achievable value. As
shown in Fig. 5(c), similar to the previous case, there is an
optimal modulation point compromising the tradeoff between
power and linearity. With this configuration, the highest
achievable gross data rate below the 6.25%-OH HD-FEC limit
is 8 Gbps with NRZ-OOK and 11 Gbps with PAM-4. Their
eye diagrams are shown in Fig. 5 (e) and (h), respectively.
This work was considered a milestone in this research
direction, as it achieved over 10 Gbps for the first time with
DM-QCL-based LWIR FSO.

D. 9.15-pm FSO using DM-QCL and 1.2 GHz MCT

To further improve the achievable data rate in LWIR FSO,
we employed an upgraded commercial MCT photovoltaic
detector (ViGO UHSM-10.6) with a bandwidth of 1.2 GHz.
Figure 6 (a) shows a picture of the receiver setup. At the
transmitter side, we again used the 9.15-um DM-QCL to
benchmark the performance improvement brought in by the
new detector [40],[41]. In this round of experiment, we
operated the QCL at two temperatures, i.e., 15°C and 20°C
and evaluated the transmission performance accordingly.
Meanwhile, due to the improved bandwidth compared with the
previous MCT detector, we explored lower order modulation
formats, namely, NRZ-OOK, PAM-4 and PAM-6, as their
SNR requirements are relaxed compared with PAM-8. Figure
6 (b) and (c) shows the BER performance of the three
modulation formats at 15°C and 20°C respectively. At 15°C,
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Figure

we achieved 16 Gbps NRZ-OOK and 18 Gbps PAM-4 with
performance below the 6.25%-OH HD-FEC limit. 8 Gbaud
PAM-6 was tested but only achieved BER performance below
the 20%-OH SD-FEC limit. A similar performance was
achieved at 20°C, with only a slightly lowered NRZ-OOK
data rate of 15 Gbps. The eye diagrams for all tested cases are
depicted as insets. In summary, a net bit rate of 16.9 Gbps can
be achieved PAM4 at both temperatures after deducting the
FEC overhead, which is the highest demonstrated LWIR FSO
transmission data rate with MCT detectors, to the best of our
knowledge.

E. 8.6-um FSO using Stark modulator and QCD

Finally, we also evaluated the system performance with the
external quantum Stark modulator that was previously
described in Section Il B [16]. In this work, we used a
commercial high-power CW QCL as the laser source, which
emits up to 80 mW power at a wavelength of 8.6 um. The
emitted beam is firstly expanded then free-space coupled into
the quantum Stark modulator through a 60° wedge. Such a
design is to increase the coupling length and to facilitate the
laser beam alignment [15]. However, a drawback of such a
design is that two-thirds of the incident optical power is lost at
the facets because of reflections. Therefore, the incident beam
to the modulator had to be carefully aligned to minimize the
coupling loss. The output modulated LWIR FSO signal from
the modulator is again collimated and transmitted over a free-
space link before arriving at the receiver. A picture of the
modulator configuration setup is shown in Figure 7 (a). To
maximally utilize the bandwidth of the modulator, we used the
QCD at the receiver. The characterized end-to-end system
response is shown in Fig. 7 (b). One can observe that the
system presents a mild frequency roll off with around 2 GHz
3-dB bandwidth and a 10 dB cutoff at 7 GHz. After
optimization, we kept the setup steady and swept the laser bias
current. The BER performances of NRZ-OOK signals at three
different data rats are shown in Fig. 7 (c). The highest
achieved data rate with this setup was 12 Gbps. It’s noted that
only 3-tap FFE was used to achieve below HD-FEC limit
performance as the system is more noise limited than
bandwidth limited. This was validated by sweeping the
number of FFE taps from 3 to 55, as shown in Fig. 7 (d). It

° B

c. 20°C —@— 7 GBaud PAM)
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T T
480 500

Laser Bias Current (mA)

T T
440 460

was observed that the performance improvement by increasing
the FFE tap number was marginal. As the system is noise
limited, increasing modulation level to higher order PAM
didn’t provide any improvement on achievable data rate.

IV. DISCUSSIONS

To date, we have experimentally characterized and
evaluated several UQO components and their performance in
subsystems and systems for mid-IR FSO communications. We
have been focusing on the transmission data rate and the key
figure of merits in all our system experiments. However, as all
of experimental demonstrations have been carried out in the
laboratory environment with short distances between the FSO
transmitter and receiver, the main advantages of such UQO
devices and the FSO communication system operating in the
MWIR and LWIR bands haven't been fully evaluated in real-
life scenarios. In the context of mid-IR FSO communications,
there is a keen interest in applications spanning considerable
distances, often extending to several kilometres for both
terrestrial and space applications. Subsequently, there are
several critical questions that are yet to be answered.

First, we need to address the challenge of how to achieve
sufficient link budget with UQOs-based systems. When
transmitting through the atmosphere, the FSO beam degrades
due to several factors: 1) beam divergence, which can be
analyzed by Gaussian optics; 2) absorption by atmosphere gas
molecules; 3) particles-induced scattering; and 4) wavefront
deformation due to turbulence [94]. While shifting to longer
wavelengths can effectively improve on the latter three
factors, it does raise the concern on the pronounced beam
divergence compared to shorter wavelengths. A
straightforward way forward is to use larger aperture beam
expanders at the transmitter side to minimize the divergence.
Another possible solution is to adopt large transmitter arrays,
similar to the massive multiple-input multiple-output (MIMO)
approach in wireless communications, to enable both the
transmitter  power  enhancement and  high-directive
beamforming.

Second, as we have simply transferred some of the
commonly used modulation formats and techniques from
fiber-optic communications into our experiments in mid-IR
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FSO communications, it is yet to be explored the optimal
modulation formats that can both effectively address the SNR
and bandwidth tradeoff and minimize quality degradation
through atmospheric channel propagation. As the mid-IR lies
between the RF and SWIR telecom band, tailored modulation
formats that combine the merits of both should be identified
and systematically analyzed as a future work.

V. ADVANCES IN MID-IR COMPONENTS AND SYSTEMS

There have been continuous efforts to improve the
performance of components, subsystems and systems on mid-
IR FSO communications. On the components level, latest
characterisations on the QCL modulation response have
demonstrated promising results to support even higher
modulation speed than our system demonstrations [95]-[100].
ICLs, which have relatively lower bias current, have also
shown inspiring transmission performance in the MWIR band,
potentially enabling FSO transceivers with lower power
consumption [18]-[20], [101]. Notably, a directly modulated
Fabry—Perot ICL at 4.18 pm has been reported to support up to
14 Gbit s PAM4 transmission [20]. Moreover, ICLs emitting
at LWIR are being designed and developed, with operating
temperature approaching thermoelectric cooling range
[102],[103]. For external modulators, the next challenge is to
realize independent phase and amplitude modulation. A recent
work has demonstrated the possibility of utilizing UQOs for
phase modulation [104], one step closer to a full coherent
modulator at mid-IR region. For detectors, different types of
mid-IR detectors have been researched and developed,
including QWIP[79],[105]-[107], QCD [108] and uni-
traveling carrier photodetector (UTC-PD) [109], continuously
improving on detectors’ bandwidth and responsivity.

On the system level, Figure 8 provides a comprehensive
summary of recent advancements in both the MWIR and
LWIR regions, demonstrating transmission rates exceeding
10 Mbps using the three different approaches. The chart in
Figure 8(a) tracks the progress of demonstrated single-channel
data rates over the years after 2000, highlighting substantial
advancements across all three technological strategies over the
past decade, particularly over the past 5 years. As we have
discussed earlier, the wavelength-conversion approach could
already support very high single-channel data rate [7]-[13].
When implementing multi-dimensional multiplexing schemes,

this approach has successfully achieved overall system data
rates of more than 100 Gbps. Extrapolating from this
tendency, one can expect seamless convergence with matched
data rate between the fiber optics and mid-IR FSO in the short
term with such an approach [41].

With directly modulated laser sources, one of the early
studies achieved 100 Mb/s FSO transmission at 3.5-um in the
MWIR band, utilizing a direct-emitting PbCdS diode laser,
and its speed was limited by carrier lifetime [110]. Regarding
the use of UQOs for mid-IR FSO, several experiments
employing a QCL for signal transmission occurred in the early
2000s operating at cryogenic temperatures, supporting up to
2.5 Gbps transmission speed [21]-[24]. During the same
period in 2001, Blaser et al. reported the room temperature
operation of a 9.3 um QCL at 258 K, designed to support
digital and analog signal transmissions in indoor and outdoor
settings [25]. Taslakov et al. published an outdoor
transmission over 6000 m using 20 kHz pulse frequency
modulation in 2008. This was achieved with a pulsed QCL
operated at room temperature [26]. There have been several
reports of mid-IR transmissions at room temperature with
various signal formats yet performed at relatively low speeds
[27]-[29]. Multiple reports after 2010 emerged detailing FSO
with terahertz-QCL (THz-QCL) have been reported, although
currently, it only supports Mbps scale data rates under
cryogenic conditions [111]-[114].

Regarding system demonstrations with external quantum
Stark modulators, which potentially provide more sustainable
roadmap  for  high-speed  coherent LWIR FSO
communications, Didier et al. have recently demonstrated over
20 Gbits? FSO transmission at 9 pm using a room-
temperature QCD and over 30 Gbit s using a nitrogen-cooled
QWIP at 77 K [17].

Notably, room-temperature LWIR FSO communications
utilizing both external modulators and directly modulated
lasers have reached per-channel rates of over 10 Gbps, all
within the last two years. Figure 8(b) illustrates the single-
channel data rates across different spectral bands, showing a
concentration of wavelength-conversion efforts in the MWIR
band to optimize conversion efficiency. Furthermore, ICL
have shown promising outcomes in the MWIR spectrum.
Conversely, the LWIR band primarily features technologies
based on external Stark modulator and DM-QCL.
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V1. CONCLUSIONS AND OUTLOOK

We made an overview of the technologies in unipolar
qguantum optoelectronic devices and their applications in free-
space optical communications across the underexploited mid-
IR spectral region. We show that novel broadband UQO
devices have been continuously developed with improved
performance in bandwidth and power, considerably relaxing
the FSO system bandwidth limitations. On the other hand,
advanced communication system technologies such as
modulation, DSP and coding techniques, can maximize the
system efficiency and transmission performance with given
system bandwidth. There are still many challenges ahead in
this area and fundamental research in continuing driving
innovations in mid-IR components, subsystems and systems
will remain an important task. We also summarized the recent
advancements in mid-IR FSO system-level demonstrations
with different approaches. Extrapolating from the significant
progress over the past few years, one can expect novel
technological candidates will converge into viable FSO
subsystem- and system-level solutions to fulfill the
requirements for future ICT infrastructure.
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