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Abstract: We experimentally demonstrate a Long-Wave IR FSO link with a 9.15-µm directly 
modulated quantum cascade laser at room temperature. Up to 8.1 Gb/s PAM8 transmission over 
1.4 meter is achieved with a wideband MCT detector. © 2022 The Author(s) 

 
1. Introduction 
Free-space optical (FSO) communication systems in the mid-infrared (mid-IR) region, in particular, the two 
atmospheric transmission windows at the Mid-Wave IR (MWIR, 3-5 µm, 60-100 THz) and the Long-Wave IR 
(LWIR, 8-12 µm, 25-37 THz), contain rich potential to be a part of the next-generation ICT infrastructure. These 
two windows are expected to be exploited for long-range FSO applications due to their highly transparent 
atmospheric channel conditions [1]. Particularly, the laser beam in the LWIR region can propagate through a 
turbulent atmosphere over far distances, i.e., kilometers, thanks to the low molecular and aerosol scattering and 
high turbulence robustness at such long wavelengths [2]. With these merits, the LWIR region is currently under-
exploited and should be considered a potential candidate for various applications, such as FSO communications, 
light detection and ranging (LIDAR), and laser propulsion considered for deep-space travel [3]. With the 
development of the ensemble of semiconductor devices, e.g., quantum optoelectronics devices including the 
quantum cascade laser (QCL) and quantum cascade detector (QCD) with broad bandwidth operate at room 
temperature in the mid-IR, compact solid-state FSO transceivers in the MWIR and LWIR become possible [4]. 
Recently, several LWIR FSO systems comprising QCL and QCD have been demonstrated with both direct 
modulation and external modulation schemes [4-6]. In these works, however, the stringent requirement for beam 
collimation and focusing due to the limited conversion efficiency of QCDs hinders the use of high order 
modulation formats. On the other hand, compared with QCD, though limited in modulation bandwidth, the 
mercury cadmium telluride (MCT) detectors normally have a broader operational spectral range covering both the 
MWIR and the LWIR bands. Moreover, owing to the technological maturity, MCT detectors are commercially 
available with fine-tuned collimation, low thermal noise performance and are often integrated with trans-
impedance amplifiers (TIA). With a DM-QCL and a commercial MCT detector, MWIR transmissions of up to 
6 Gb/s were recently reported [7].  

In this paper, we further explore the characteristics of the wideband MCT detector with a LWIR DM-QCL at 
9.15 µm, and report on a high spectral efficiency FSO transmission of up to 8.1 Gb/s 8-level pulse amplitude 
modulations (PAM8) at 10˚C. More specifically, we performed a two-dimensional sweep to identify the optimal 
operational point considering both the QCL bias and the MCT received power. We achieve bit error rates (BER) 
below the 6.25% overhead (OH) hard-decision (HD) forward error correction limit [8] with high system stability.  

2.  Experimental configuration 
Figure 1(a) shows the experimental setup. For system performance evaluation, we used PAM8 symbol sequences 

that are mapped from a random binary sequence of >1 million samples generated from the developed digital signal 
processing (DSP) routine in MATLAB using the Mersenne Twister with a shuffled seed number. To pre-compensate 
the system bandwidth limit, a root-raised-cosine (RRC) pulse shaping filter with a roll-off factor of 0.15 and a static 
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2-tap pre-equalization filter are applied to the symbols. A 50 GSa/s arbitrary waveform generator (AWG) is used to 
convert the digital samples that are generated offline into the analog domain. The DM-QCL chip with a center 
wavelength of 9.15 μm is mounted on a water-cooled commercial QCL mount with a Peltier thermoelectric cooler 
(TEC). Figure 1(b) shows the P-I-V curve of the QCL chip, which is measured at 10˚C. At this temperature, the 
lasing threshold of the laser is around 400 mA, and the saturation appears around 675 mA. The DM-QCL chip is 
grown by molecular beam epitaxy on an InP cladding. The active region is fabricated by AlInAs/GaInAs structure. 
The 4-mm single-mode distributed-feedback (DFB) ridge laser processed epi-up on an Aluminum-Nitride submount 
and obtained through a top metal grating [8]. The laser is biased and modulated through an external bias-tee. 

On the receiver side, we use a commercial MCT photo voltage (PV) detector integrated with a TIA. With the 
help of an IR power meter at the receiver end, we calibrate the received signal power, optimize it, and replace the 
power meter with the MCT detector to convert the optical signals to electrical signals. A real-time digital storage 
oscilloscope (DSO) of 40 GSa/s converts the received electrical signal to digital samples for offline processing. 
Figure 1 (c) shows the calibrated end-to-end channel amplitude response of the FSO system measured at 10 ˚C, 
including the AWG, the DM-QCL, the MCT detector, the DSO, and all the electrical components in between. The 
end-to-end 3-dB bandwidth is found to be around 170 MHz, and the 10-dB bandwidth is about 520 MHz. One 
should note that despite the narrow 3-dB bandwidth, the system has a smooth response roll-off. Together with the 
superior noise performance of the MCT detector and effective post-digital equalization, such a smooth roll-off can 
support gigabaud-scale signal transmissions. Figure 1 (d) and (e) show the photos of the LWIR transmitter and the 
MCT detector, respectively. The MCT detector responsivity spectrum is shown in Fig. 1 (f). One can observe that it 
covers a wide operational spectral range spanning over both MWIR and LWIR, in contrast to QCD that often has a 
relatively narrower responsivity spectral range [10]. Finally, the signal is processed with a matched filter, a timing 
recovery and down-sampling process based on maximum variance, a symbol-spaced decision-feedback equalizer 
(DFE) with 99-feedforward taps and 55-feedback taps, and the BER performance is counted after the offline 
demodulation.  

3.  Experimental results 

We systematically studied the characteristics of the DM-QCL and the MCT detector to identify the optimal 
operational point for FSO transmission. To do that we performed two consecutive sweeps, namely, a laser bias 
current sweep with fixed power into the detector, and a received optical power sweep to the MCT detector with the 
optimal bias point identified in the first sweep. We measured the BER performances of two baud rates, i.e., 2.5 
Gbaud and 2.7 Gbaud. The former sweep characterizes the trade-off between modulation depth and the modulation 
linearity, whereas the later sweep identifies the trade-off between received signal SNR and the detector saturation. 
Figure 2(a) shows the measured BER results as a function of the laser bias current. The optimal bias point was found 
around 500 mA to simultaneously obtain a sufficient modulation depth and signal linearity, where both the 
2.5 Gbaud and the 2.7 Gbaud PAM8 achieve BER below the 6.25%-OH HD-FEC limit of 4.5×10-3. Figure 2(b) 

MCT

(f)

 

Fig. 1. (a) Experimental setup. (b) P-I-V curve of the 9.15-µm DM-QCL at 10˚C. (c). Characterized end-to-end amplitude response, including 
the QCL, QCD, and all the electrical and RF components. Photos of (d) the QCL mount and (e) the MCT receiver. (f). Spectrum of the MCT 
receiver responsivity. 
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shows the measured BER results as a function of the detector photo voltage (PV) with laser biased at 500 mA. The 
optimal point was found to be around -1.1 V. Figure 2(c) shows the measured stability performance for both baud 
rates. It shows a stable performance for both the DM-QCL-based transmitter and the MCT IR PV detector. The BER 
values of 2.5 Gbaud PAM8 are constantly well below the HD-FEC limit, whereas for 2.7 Gbaud some outliers with 
marginally higher BER than the HD-FEC limit are detected throughout the measurement, due to the fluctuation of 
signal power caused by vibration. The eye diagrams of 2.5 Gbaud and 2.7 Gbaud PAM8 are shown in Fig. 2 (d) and 
(e), respectively. Clear eye openings with negligible nonlinear compressions are seen in both baud rates.  

4.  Conclusion 

We demonstrated a LWIR FSO transmission at 9.15 µm with a DM-QCL and a commercial MCT detector. The 
system supports up to 8.1 Gbaud PAM8 with BER performance below the 6.25%-OH HD-FEC limit with high 
stability. We consider this work a valuable study contributing to an envisioned fully-connected high-speed LWIR 
FSO network for the next-generation ICT infrastructure. 
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Fig. 2(a). BER results as a function of laser bias for 2.7 Gbaud and 2.5 Gbaud PAM8 at different bias points. (b) BER results as a function of 
the detector PV for 2.7 Gbaud and 2.5 Gbaud PAM8 at different power points. (c). The stability performance measured for ~1 hour. Selected eye 

diagrams at optimal operational points for (d) 2.5 Gbaud PAM8 and (e) 2.7 Gbaud PAM8, respectively. 
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