
https://doi.org/10.1109/JLT.2022.3153139
https://orbit.dtu.dk/en/publications/39b95715-51af-488b-8a4a-8b7085ea3dc6
https://doi.org/10.1109/JLT.2022.3153139














This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2022.3153139, Journal of
Lightwave Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

7 

to a baseband complex signal expressed as: 
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where Ts is the sampling period of the digital waveform. The 
complex-valued baseband digital signal is then processed with 
the typical DSP routine in digital coherent systems, consisting 
of matched RRC filtering, clock recovery based on the 
maximum variance approach, symbol-spaced adaptive 
equalization based on lattice filter with the classical butterfly 
structure driven by the multi-modulus algorithm (MMA) and a 
2-stage feedforward carrier phase recovery (CPR) processing. 
The performance CPR is considered critical for photonics-
assisted THz transceivers, where monolithically integrated 
semiconductor lasers are preferred for carrier generation to 
reduce the size and footprint. Therefore, we elaborate on the 
configuration of our 2-stage CPR module in Fig. 4. The first 
stage is the M-power method-based frequency offset 
compensation, as the IF down-conversion is often imperfect. 
Due to the non-uniform distribution of higher-order square 
QAM signals, the QPSK-partitioning method is adopted to 
convert the QAM modulation symbols to uniformly distributed 
QPSK symbols before performing the M-power to remove the 
modulation [111]. The second stage is based on a modified 
blind-phase-search (BPS) method [112] with a sliding-window 
average filter to reduce the influence from additive noise and a 
quantization noise reduction filter to reduce the required test 
phase resolution. More detailed studies on the performance of 
the employed CPR algorithm can be found in [113]. After the 
CPR, the received QAM symbols are de-mapped into binary 
data for bit-error-rate (BER) evaluation.  

It is noted that some of our experimental studies described in 
later sections use subcarrier-based OFDM signals, which 
require a different set of DSP algorithms for channel estimation 
and phase noise mitigation. Due to the size limit, they are not 
elaborated on in this paper. Interested readers can refer to [114] 
for further details. 

B. Directly modulated QCL-based free-space transmissions 
in the upper-THz band 

As we have stated earlier, electromagnetic waves in the upper 
side of the THz band have closer properties to optics. Therefore, 
our recent experimental studies focus on free-space 
transmissions based on directly emitting semiconductor laser 
sources. More explicitly, we combine a DM QCL with 
advanced modulation formats and signal processing techniques 
to explore the system limits. In what follows, we use our 
experimental configuration as an example and briefly go 
through the implementation details of the modulation, 
detection, and DSP techniques. 
1) Modulation and detection 

The device under test at the free-space transmitter is a 
distributed feedback (DFB) QCL laser with a center wavelength 
of 4.65 µm (~64.5 THz) [96]. We mount the QCL chip on a 

commercial mount (ILX Lightwave LDM-4872) with a Peltier 
temperature controller (TEC) and a water-cooled base. The 
QCL is operated at room temperature of 292 K (19°C). The bias 
current of the QCL is modulated by combining the DC with the 
modulated signals at a custom-designed bias-tee. The 
modulated signals in various modulation formats, i.e., NRZ, 
PAM4, PAM8, and DMT, are pre-processed with transmitter 
DSP and generated with an AWG. The details of the DSP 
routines are described in the following subsection. After 
transmitting over a free-space link, the modulated QCL output 
is picked up by a commercial MCT (HgCdTe) photovoltaic IR 
photodetector. Finally, the received signal is converted to 
digital waveforms for demodulation with receiver DSP routines 
tailored for each modulation format.  
2) Transmitter and receiver DSP 

Figure 5 shows the block diagrams of the DSP routines in 
both the transmitter and the receivers for two types of 
modulation formats employed, i.e., PAM and DMT. The PAM 
DSP, as shown in Fig. 5 (a), is generically applicable for the 
two-level NRZ signals and the multilevel PAM4 and PAM8 
signals. At the transmitter, the pseudorandom binary data is 
mapped into PAM symbols and pulse-shaped with an RRC 
filter. Depending on the targeted signal baud rates, the RRC 
roll-off factor is usually chosen within the range from 0.01 to 
0.2 by optimizing the trade-off between bandwidth and the 
peak-to-average power ratio (PAPR). Thus, the signal-to-noise 
ratio (SNR) can be maximized with the same peak-to-peak 

 
Fig. 5.  Block diagrams of the Tx and Rx DSP for (a) PAM and (b) DMT 
signals for DM QCL-based free-space transmission systems.  
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wave shaper to select six frequency channels, which are 
grouped in 3 pairs. Secondly, instead of using phase-locked 
comb lines for heterodyne photomixing, we use a free-running 
external laser as the optical LO. This is due to the limited 
spectral coverage of generated frequency comb lines in our 
experiment. As we described in Sec. III.A.3), the CPR module 
can compensate for such a frequency offset and phase noise 
with a negligible penalty. The optical spectrum of the combined 
signal and carrier is shown in Fig. 7 (b). In this experiment, all 
six channels are simultaneously emitted by the UTC-PD and 
transmitted through the free-space link. At the receiver, we 
adjust the electrical LO frequency and drive the SHM down-
converting one channel at a time. The THz signal spectrum and 
positions of the electrical LO are illustrated in Fig. 7 (c). The 
channel arrangement and the choice of LO positions are to 
avoid coherent crosstalk from adjacent channels during the 
down-conversion. Finally, the measured BER performances for 
all six channels are shown in Fig. (d). Due to the different SNR 
performances among different channels, three of the six 
channels achieved BER below the HD-FEC limit, whereas the 
SD-FEC limit was achieved for the other three channels. The 
selected constellation diagrams for all channels are shown in 

 
Fig. 7.  Multi-channel 16-QAM signal transmission at 0.4 THz: (a). Experimental setup; (b) the optical spectrum at the UTC-PD (c) Electrical spectra of the THz 
signals and LO arrangement; (d) measured BER curves for all 6 channels and (e) the respective signal constellations at optimal power levels. [55] (IEEE, reprinted 
with permission.) 

 
Fig. 8.  106 Gb/s PS-16QAM-OFDM transmission at 0.35 THz over 26.8-m 
indoor distance: (a) picture of the link configuration in the lab and (b) 
measured BER curve and a selected constellation diagram. (Reproduced from 
[59], with the permission of AIP Publishing) 

 
Fig. 9.  2×300 Gb/s PS-64QAM-OFDM transmission at 0.35 THz over 2.8-m 
free-space link with joint frequency and spatial/polarization multiplexing: (a) 
the optical spectrum consisting of both the modulated signals and the carrier; 
the pictures of (b) the two orthogonal polarized THz Tx antennas with 
collimation lenses and (c) the THz receiver; the combined electrical spectra of 
the IF signals (d) with aligned polarization states, and (e) with orthogonal 
states between the Tx and Rx antennas; (f) measured BER curves for all 
multiplexed channels. [60] (IEEE, reprinted with permission.) 














