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Abstract—Since about one and half centuries ago, at the dawn
of modern communications, the radio and the optics have been two
separate electromagnetic spectrum regions to carry data. Differ-
entiated by their generation/detection methods and propagation
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properties, the two paths have evolved almost independently until
today. The optical technologies dominate the long-distance and
high-speed terrestrial wireline communications through fiber-optic
telecom systems, whereas the radio technologies have mainly dom-
inated the short- to medium-range wireless scenarios. Now, these
two separate counterparts are both facing a sign of saturation in
their respective roadmap horizons, particularly in the segment of
free-space communications. The optical technologies are extending
into the mid-wave and long-wave infrared (MWIR and LWIR)
regimes to achieve better propagation performance through the dy-
namic atmospheric channels. Radio technologies strive for higher
frequencies like the millimeter-wave (MMW) and sub-terahertz
(sub-THz) to gain broader bandwidth. The boundary between
the two is becoming blurred and intercrossed. During the past
few years, we witnessed technological breakthroughs in free-space
transmission supporting very high data rates, many achieved with
the assistance of photonics. This paper focuses on such photonics-
assisted free-space communication technologies in both the lower
and upper sides of the THz gap and provides a detailed review
of recent research and development activities on some of the key
enabling technologies. Our recent experimental demonstrations of
high-speed free-space transmissions in both frequency regions are
also presented as examples to show the system requirements for
device characteristics and digital signal processing (DSP) perfor-
mance.

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

I. INTRODUCTION

THE ongoing digital transformation of our society relies on
fast and secure ICT infrastructure. Many prominent aspects

of large-scale digitalization, such as the Internet of Things
(IoT), autonomous vehicles, augmented reality (AR), and tactile
internet, have already started and will continue to reshape our
society. Since about four decades ago, orders of magnitudes of
higher bandwidth demand have been gradually supported by the
evolution of mobile communications from the second generation
(2G) to the fifth generation (5G), which is under deployment
today. Accordingly, the adopted wireless carrier frequencies
have been pushed to increase step by step from the microwave
to the millimeter-wave (MMW) [1]. Recent market analysis
reports that the year-on-year growth of the global mobile data
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Fig. 1. A vision of an all-spectra communication paradigm to create a sus-
tainable technological roadmap beyond next generations of wireless/wireline
networks to unlock future bandwidth limit.

traffic is around 50% in the first and second quarters of 2021,
and the total traffic is projected to increase almost five-fold in
the upcoming four-year time span. Simultaneously, short-range
Internet of Things (IoT) connections are expected to grow almost
four-fold [2]. For many of these emerging time-critical appli-
cations, instantaneous transfer of large-volume uncompressed
data between the end units and the edge aggregation is essential
[3]. In this context, radio technologies face a sign of saturation
in their roadmap horizon to support future mobile services.
Current radio technologies have difficulties providing equivalent
support for emerging time-critical applications since traditional
microwave solutions are reaching their physical upper limit on
available bandwidth. Through advances in the physical layer
(PHY) design, such as massive multiple-input multiple-output
(m-MIMO) techniques, improvements in spectral efficiency are
possible [4]. The use of the MMW bands may also alleviate the
spectrum crunch problem for wireless access in the short term.
Nevertheless, regardless of such potential gains in spectral effi-
ciency and resource, much broader bandwidths will be required
to cope with the predicted data traffic growth.

A necessary paradigm shift in wireless communications is
envisioned for beyond-5G (B5G) or 6G era. As the continu-
ously increased wireless carrier frequency enters the terahertz
(THz) scale, the boundary between the radio and optics becomes
blurred and inter-crossed. Therefore, it is natural to consider the
optical spectrum, where abundant spectral resources are avail-
able compared with the RF, as a part of the next-generation wire-
less communication infrastructure to deliver information jointly
[5]. Fig. 1 presents a vision of such an all-spectra communication
paradigm for future B5G/6G communication. In this vision, a
unified ultrabroad electromagnetic (EM) spectral resource pool
composing both optics and RF spectrum bands is available to be
allocated for wireless services. Though heterogeneous in prop-
agation properties and corresponding physical layer technolo-
gies, different spectrum regions can be collectively controlled
from a virtual layer, which performs capacity analysis, resource
allocation, performance monitoring and prediction, system op-
timization. In such a way, the actual physical technologies can
become transparent to the bandwidth-intensive applications in
the end premises. Eventually, we can realize ‘instant bandwidth’
availability per demand.

The standard definition of RF contains (but is not limited to)
microwave, MMW, and sub-MMW (sub-THz), and the tradi-
tional definition of optics includes ultraviolet, visible light (VL),

and infrared (IR). More elaborately, the IR region can be de-
composed into short-wave infrared (SWIR), mid-wave infrared
(MWIR), and long-wave infrared (LWIR). The maturity levels
of research and development in these regions vary considerably.
On the one hand, though limited in bandwidth, the microwave
has been intensively developed and deployed for decades for
wireless communications. The MMW and the VL are currently
being developed and may be deployed in the short term. The
SWIR (1.55 µm band), also referred to as the telecom band, has
also been available in commercial free-space communication
systems. It is mainly because of the maturity of active and passive
components and devices driven by fiber-optics. However, a
significant drawback is its very high sensitivity to atmospheric
channel perturbations such as dust, fogs, and turbulence effects
such as scintillation, beam broadening and beam wandering,
which can be effectively reduced or even eliminated by moving
to a longer wavelength. Subsequently, the two atmospheric
transmission windows at the MWIR (3-5 µm) and the LWIR
(9-12 µm) become attractive for mid- and long-range outdoor
applications, owing to their merits of low propagation attenua-
tion (< 1dB/km) and robustness against weather conditions [6].
On the other hand, the sub-MMW, or referred to as the lower-
THz band, and the MWIR/LWIR, referred to as the upper-THz
band, are only in the early stages of research and have much
lower technology readiness levels (TRLs) compared with other
regimes in the scope of communications. Nevertheless, there
are enormous potentials buried in these bands, and photonic
technologies can be the key to leveraging them.

In this paper, we extend our ECOC contribution [7] and
provide a more detailed review and outlook on different aspects
of current free-space communication technologies in the THz re-
gion. Notably, we focus on the role of photonic technologies and
elaborate their operational principles of supporting high-speed
transmissions in both the sub-MMW and the MWIR/LWIR
region. The rest of this paper is organized as follows: in Sec-
tion II, we present a summary of state of the art in free-space
transmission demonstrations in both the lower- and upper-THz
bands enabled by various approaches. Section III describes the
detailed operational principles and methodologies that we have
adopted in our experimental studies. Section IV shows a few ex-
amples of our recent experimental demonstrations in high-speed
free-space transmissions in both the lower- and upper-THz bands
and discusses the system performance limits. Finally, we give
our conclusions and outlook in Section V.

II. STATE OF THE ART

In recent years, we have witnessed tremendous research and
development efforts in THz communications with different ap-
proaches. In the lower-THz band, there are many system-level
demonstrations either with an all-electronic approach or with a
photonics-assisted approach. In the upper-THz band, all-optical
schemes dominate the system-level studies, as it is more straight-
forward to translate optical technologies from the SWIR telecom
band to this region. This section summarizes the state-of-the-art
free-space transmission works in both frequency regions and
reviews the key enabling technologies to provide an overall
picture of the research frontline.
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Fig. 2. A non-exhaustive summary of the state of the art in transmission
demonstrations in the lower-THz band [8]–[69]. All system transmission speeds
are normalized to single-emitter net bit rates. Blue markers represent all-
electronic schemes and red markers are photonics-assisted schemes. Triangle
markers represent real-time transmission demonstrations, whereas round mark-
ers are demonstrations performed with offline signal processing.

A. Lower-THz Band: High-Speed Sub-MMW Transmissions

Fig. 2 shows a non-exhaustive summary of the state-of-the-
art lower-THz transmission demonstrations, including both the
all-electronic and photonics-assisted systems. In what follows,
we elaborate on each approach.

1) All-Electronic Approach: The electromagnetic waves in
the lower-THz band mainly fall into the categories of MMW (<
= 300 GHz) and sub-MMW (>300 GHz) regimes. Therefore,
they have closer propagation properties as the radio waves rather
than the optical waves. In terms of wireless data transmissions
in this frequency range, all-electronic approaches are the most
straightforward path to follow, owing to the accumulated exper-
tise and momentum of the microwave technologies from the past
and current generations of wireless systems.

There have been many high-speed data transmission demon-
strations using III-V and silicon technologies for carrier frequen-
cies up to 300 GHz (MMW range), particularly below 200 GHz.
Demonstrations of 10 Gb/s real-time transmissions over a 1-km
distance were achieved in the 120 GHz band [8], [9]. For systems
with carrier frequencies of above 200 GHz, millimeter-wave
monolithic integrated circuits (MMICs) with InP and InGaAsP-
based high-electron-mobility transistors (HEMT) and metamor-
phic HEMT (mHEMT) are developed and employed to generate
and receive over 10 Gb/s or even 100 Gb/s signals [10]–[16].
Recently, up to 100 Gb/s transmissions are also demonstrated
with Si-based CMOS [17]–[19] and SiGe-based BiCMOS het-
erojunction bipolar transistors (HBT) technologies [20], [21]
at 240 GHz or 300 GHz. Transceiver technologies based on
these all-electronic schemes are expected to be compact and
energy-efficient.

Generation and detection of high-bandwidth signals above
300 GHz, i.e., sub-MMW frequencies, impose higher engi-
neering challenges during RF integration and packaging. As
one can observe from the saturating tendency shown in Fig. 2,
achieving broad bandwidth and high power simultaneously in
the sub-MMW region is yet to be seen. There are recently a few

demonstrations reported with resonant tunnel diodes (RTD)-
based oscillators and coherent receivers operating at around
350 GHz [22]–[24]. Up to 25 Gb/s real-time transmissions are
achieved with RTDs at both the transmitter and the receiver [24].
One should note that the summarized tendency (shown as the
blue curve in Fig. 2) only reflects the current research status
reported in the literature rather than a forecast of the future
research and development trend. More high-bitrate demonstra-
tions are expected to be carried out in the near term considering
the increasing research efforts devoted to this area.

To summarize, all-electronic approaches, particularly the Si
technologies, are expected to be developed and deployed in large
volumes to support use cases up to 300 GHz. The bandwidth and
the corresponding data rate scalability of these all-electronic
schemes remain to be seen at higher frequencies.

2) Photonics-Assisted Approach: The optical and photonic
technologies have been proven successful in wireline systems.
Since several decades ago, they have first conquered the telecom
networks worldwide with the fast replacements of coaxial cables
by optical fibers. Recently, high-speed optical interconnect tech-
nologies are also being widely deployed in datacom networks.
The main intrinsic advantage of photonic technologies is the
ultrabroad bandwidth in the optical frequencies. Broadband op-
toelectronic devices have facilitated high-speed data modulation
and reception at the order of terabit-per-second (Tb/s) in the
digital coherent optical systems. The recent research activities in
microwave photonics have established a bridge to directly utilize
the broadband characteristics of the photonics technologies in
RF applications, including high-speed communications [25]–
[28]. MMW and THz radio-over-fiber and photonic-wireless
transmissions have been intensively studied and demonstrated
in the past decade [29]. Many photonics-assisted high-speed
transmission system demonstrations have been reported in the
W-band (75-110 GHz) and the D-band (110-170 GHz) [30]–
[38]. Most of these MMW photonic-wireless transmissions are
based on high-speed p-i-n photodiodes (PDs).

In recent years, with the maturity and even commercial avail-
ability of fast-response uni-traveling carrier photodiode (UTC-
PD) [40], [41], an increasing number of transmission demon-
strations with advanced modulation formats are performed in
higher frequency bands, e.g., above 200 GHz [42]–[48]. A
100 Gb/s multicarrier signal transmission was reported in the
200 GHz band with a gain-switched laser comb source [42].
Koenig et al. reported a record single-channel 100 Gb/s trans-
mission at 237.5 GHz over 20-m distance with UTC-PD-based
transmitter and InGaAsP mHEMT MMIC receiver [43]. A self-
coherent THz link of 115 Gb/s net rate over 110-m distance
was demonstrated at 300 GHz based on the Kramers-Kronig
approach [49]. We have carried out several system-level studies
with single-channel and multidimensional-multiplexed system
configurations at the 350 GHz – 400 GHz region [50]–[61]. A
few selected examples are elaborated on in Section IV. Most of
these works are based on offline digital signal processing (DSP)
and benchmark the BER performances against the pre-forward-
error-correction code (pre-FEC) threshold. This method is con-
sidered a common practice in digital coherent optical systems
in fiber-optic communications. Lately, a real-time fiber-wireless
link at 300 GHz with a gross data rate of 136 Gb/s was reported
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using a digital coherent modem [62]. Nevertheless, the use of
DSP and advanced FEC inevitably introduces latency, which
becomes less favorable for specific high-end time-sensitive ap-
plications [63]. Accordingly, tremendous research efforts have
also been devoted to achieving real-time “error-free” transmis-
sions with BER below 1×10-9 without the use of DSP [64]–[69].
With the assist of photonic processing techniques in the analog
domain, up to 100 Gb/s real-time QPSK signal was successfully
transmitted at 300 GHz [65], and up to 15 Gb/s transmission
was demonstrated at the >600 GHz band [69].

B. Upper-THz Band: Mid-Wave and Long-Wave Infrared

The upper-THz band can be loosely categorized as the fre-
quency bands above 1 THz up to tens of THz, overlapping
with the MWIR and the LWIR. Compared with the lower-THz
region, which is recognized by the wireless communication
community as the “Next Frontier” [70], research activities on
free-space communications in the MWIR/LWIR based are much
fewer. There are mainly two photonic approaches in generating
and detecting signals, i.e., wavelength conversion and directly
emitting laser sources.

1) Wavelength Conversion Approach: Whenever possible, it
is easier and preferable to reuse the mature optical and opto-
electronic components and devices from the fiber-optic systems
for free-space transmissions. Therefore, wavelength conversion
from the telecom band has been proposed and is often used
for free-space transmissions in the MWIR range. Nonlinear
parametric conversions in periodically poled LiNbO3 (PPLN)
devices pumped by a high-power laser around 1-µm are of-
ten used for wavelength conversion between the telecom band
and the MWIR [71]. In such a scheme, the wavelength is up-
converted and down-converted to/from MWIR before and after
the free-space link [72]–[75]. Therefore, both the transmitter and
receiver can directly operate in the telecom band, e.g., 1.55 µm.
Subsequently, with such an approach, the data rates of the MWIR
free-space link can keep up with the development of fiber-optic
systems. One of the first demonstrations with such a scheme was
reported by Ip et al. with a real-time 2.488 Gb/s QPSK transmis-
sion at 3.8 µm [72]. Recently, single-channel transmissions at
3.5 µm with up to 10 Gb/s data rate are demonstrated with both
DPSK [76] and QPSK signal formats [77]. Zou et al. further
extended this approach into a multi-dimensional multiplexing
system and demonstrated a 300 Gb/s aggregated data rate at
3.4 µm [78].

There are several advantages of such a wavelength-conversion
approach. It can support very high data rates and is seamlessly
compatible with fiber-optic systems. Moreover, it can be quickly
installed for high-end applications. However, there are also cer-
tain drawbacks. Firstly, most of the demonstrated transmissions,
if not all, are limited to below 4 µm region. Therefore, it can be
challenging to cover the two optimal atmospheric transmission
windows around 4.5 µm and 9 µm with such a scheme [6].
Secondly, the parametric frequency conversion process requires
high pump power, resulting in relatively low energy efficiency.
Finally, the PPLN devices are often bulky, making such a
scheme challenging to miniaturize for large-volume deployable
transceivers.

2) Direct Emission Sources: From the energy efficiency
point of view, direct emission laser sources at the MWIR and
LWIR regions are favorable because of easy integration and
exemption from frequency conversion-induced power loss. One
of the earliest explorations of using a direct emitting MWIR
source was reported in [79], where a PbCdS diode laser at
3.5 µm was used to transmit 100 Mb/s data. The speed of this
work was limited by carrier lifetime. In the 90s, the invention
of the quantum cascade laser (QCL) opened opportunities for
developing compact semiconductor transceivers for free-space
communications [80]. Unlike the semiconductor lasers based on
inter-band transitions, QCLs exploit inter-subband transitions
and cover a wide wavelength range over the MWIR and LWIR.
Later improvements in their distributed-feedback structure de-
sign [81] and continuous-wave (CW) operation [82] further
enhanced the viability of QCLs for a wide range of applications,
free-space communications included. More importantly, QCLs
have very high intrinsic modulation bandwidth, owing to their
extremely short carrier relaxation lifetime [83]. A few free-space
transmission demonstrations based on directly modulated (DM)
QCLs with a data rate of up to a few Gb/s have already been
reported since the early 2000s [84]–[90]. Since 2007, with the
invention of THz QCLs [91], several transmission experiments
have been reported with up to tens of Mb/s data rate [92]–[95].
Nevertheless, most of these demonstrations in the early years
required the QCLs to be operated at cryogenic temperatures.
A few years later, room-temperature broadband modulation of
QCLs was made possible in the MWIR and LWIR regions [96],
[97]. Consequently, a few QCL-based free-space transmission
demonstrations at room-temperature have been reported since
then [98]–[105]. A non-exhaustive summary of QCL-based
free-space transmission experiments is presented in Table I. Key
specifications, including the operational wavelength, the trans-
mitted signal data rate or bandwidth, the employed modulation
format, the free-space channel, and the operational temperature,
are listed. Our recent experimental studies employing advanced
modulation formats and DSP are also included in Table I [102]–
[106]. We further elaborate on the implementation details of
these works in Section IV. It is worth noting that MWIR/LWIR
free-space transmissions based on external modulation has also
emerged as a promising research direction. A very recent ex-
perimental demonstration of up to 10 Gb/s NRZ transmission at
9 µm was reported, showing promising transceiver properties to
further support multilevel modulation formats [107].

III. METHODS AND OPERATION PRINCIPLES

This section describes the commonly used methods and oper-
ation principles for signal generation, detection, and processing
in photonics-assisted transmission systems for lower- and the
upper-THz bands.

A. Hybrid Electro-Optical Systems in the Lower-THz Band

Fig. 3 illustrates a generic system configuration for hybrid
electro-optical THz transmissions, including the broadband THz
signal generation based on heterodyne photomixing and the
coherent down-conversion based on heterodyne receiver.
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TABLE I
SUMMARY OF EXPERIMENTAL DEMONSTRATIONS OF DM QCL-BASED FREE-SPACE TRANSMISSIONS WITH >1THZ CARRIER FREQUENCIES

aThe data rate for digital transmission, and modulation bandwidth for analog transmission are listed, respectively; b modulated on to a 66 MHz carrier; c

operation temperature not explicitly specified; d wavelength not explicitly specified.

Fig. 3. Principles of (a) photomixing-based THz generation, which “transpar-
ently” converts the phase and amplitude modulation from optical carrier to THz
carrier and (b) the coherent THz detection with electrical heterodyne receiver.

1) Generation of Broadband Modulated THz Signal:
Fig. 3(a) presents the principle of broadband modulated THz
signal generation based on optical heterodyne photomixing.
In this example, two continuous optical waves with angular
frequencies of ω1 and ω2 (ω1 �= ω2) can be generated in the
near-IR telecom band (e.g., 1.55μm) with semiconductor lasers,
and one of the optical waves is modulated with complex signals
in both amplitude and phase at a fiber-optic IQ modulator. The
other optical wave can remain unmodulated and serve as a
carrier. These two signals can be expressed as:.

E1(t) = A1(I + jQ)e−j(ω1t+ϕ1) (1)

E2(t) = A2e
−j(ω2t+ϕ2) (2)

where I and Q represent the two modulated orthogonal compo-
nents in the complex plane, i.e., the in-phase and the quadrature
signals. A1 andϕ1 are the optical field amplitude and phase of the
signal wave. Similarly, A2 and ϕ2 are the amplitude and phase
of the carrier wave. The two optical waves are combined and
launched into a fast response photomixer, such as the UTC-PD,
for a square-law detection. Assuming the conversion efficiency
of the photomixer is ηTx, the square-law process can be ex-
pressed as:

Eoutput = ηTx · [E1(t) + jE2(t)]
2=Ebaseband(t) + ETHz(t)

(3)
One should note that noise is not included in the derivations

for simplicity purposes. As shown in (3), after the square-law
detection, the output signal from the photomixer consists of a
baseband component generated from self-beatings from both the
carrier and the signal, and a radiofrequency (RF) component in
the THz and centered at a frequency of ωTHz = |ω1 − ω2|. In
most THz emitters, the baseband component is usually bandpass
filtered out by the waveguide and the antenna, leaving only the
THz component expressed as:

ETHz(t)

= ATHz[I · sin(ωTHzt+ ϕTHz) +Q · cos(ωTHzt+ ϕTHz)]
(4)

with ATHz = 2ηTxA1A2 and ϕTHz = ϕ1 − ϕ2 the amplitude
and the phase of the generated THz wave, respectively. From
(4), one can see that although such a heterodyne photomixing
is a nonlinear process, the modulated signal amplitudes and the
orthogonality of the in-phase and quadrature components are
linearly preserved. In other words, the modulated information
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Fig. 4. Block diagrams of the transmitter (Tx) DSP and the receiver (Rx) DSP scheme for the hybrid electro-optical THz transmission systems. The two-stage
carrier phase recovery module is elaborated. The first stage is frequency offset compensation based on QPSK partitioning and the M-power method; the second
stage is phase noise mitigation based on the blind phase search (BPS) method.

can be transparently frequency-shifted from the optical frequen-
cies to the THz band without distortion. Therefore, one can
generate and emit broadband modulated THz signal with such
a transmitter scheme.

2) Detection: As the THz signals are generally out of the
operational range of most broadband receivers, a common prac-
tice is to down-convert the signals to an intermediate frequency
(IF) band that is detectable by the electronics to perform the
further analog-to-digital conversion (ADC) and digital signal
processing (DSP). Fig. 3(b) presents the principle of THz signal
detection based on coherent frequency down-conversion with a
heterodyne receiver, which provides benefits like high spectral
efficiency, enhanced receiver sensitivity and SNR compared
with envelope extraction based direct detection method [108],
[109]. Assuming the incoming THz signal, as expressed in (4), is
detected with a Schottky diode and mixed with a local oscillator
(LO) signal ELO(t)of amplitude ALO, angular frequency ωLO,
and phase ϕLO, the down-converted IF signal is then expressed
as:

EIF (t) = 〈ETHz(t) · ELO(t)〉
= AIF [I · sin(ωIF t+ ϕIF ) +Q · cos(ωIF t+ ϕIF )]

(5)

The angle brackets denote low-pass filtering used for re-
jecting the frequency components at ωTHz + ωLO. AIF =
ηRxATHzALO, ωIF = |ωTHz − ωLO| and ϕIF = ϕTHz −
ϕLO are the amplitude, the angular frequency, and the phase
of the IF signal, respectively. ηRx is the down-conversion ef-
ficiency of the mixer. From (5), one can observe that such a
coherent heterodyne down-conversion process again preserves
the orthogonality of in-phase and quadrature components of the
modulated signal, as well as their amplitudes. Up to this point,
a THz link supporting broadband signal transmission is estab-
lished between the THz transmitter and detector. For our trans-
mission experiments, the down-converted IF signal is captured
by a real-time digital storage oscilloscope (DSO) and further
processed with DSP algorithms compatible with digital coherent
optical (DCO) transceivers in fiber-optic systems. It is worth
noting that a photonics-assisted THz reception approach was
recently demonstrated by directly modulating the incoming THz
wave onto an optical carrier with an ultra-broadband plasmonic–
organic hybrid (POH) Mach-Zehnder modulator (MZM) of over
360 GHz 3-dB bandwidth [110]. By eliminating the need for

the heterodyne down-converter, such an approach can realize
the end-to-end seamless integration with DCO transceivers for
fiber-optic systems.

3) Digital Signal Processing: Fig. 4 shows the overall DSP
routine that we employ for our experimental demonstrations. It
consists of the transmitter (Tx) DSP for signal pre-processing
before loading to the arbitrary waveform generator (AWG) and
the receiver (Rx) DSP for signal post-processing and demodula-
tion. In the Tx DSP, the QAM symbols mapped from the binary
data are pulse-shaped with a root-raised-cosine (RRC) filter. An
RRC roll-off factor of 0.15 is often used in our experiment. A
pre-emphasis filter is used to pre-compensate the AWG’s output
frequency roll-off. The output signals of the AWG are then used
to drive the IQ modulator(s) and create single- or multi-channel
optical signals for THz transmissions.

At the receiver, the IF signal captured by the DSO is converted
to digital samples for processing. The Rx DSP firstly uses a sim-
ple 2-tap post-emphasis filter to compensate for the bandwidth
limit of the mixer output. The transfer function of the filter in
the Z domain is

H(Z) = 1 + αZ−1 (6)

where α is the post-emphasis coefficient ranging from 0 to
−1. When α = 0, there is no post-emphasis, and when α =
−1, we achieve a maximum post-emphasis with a substantial
enhancement of the high-frequency response. A typical value
of α is around −0.8 in our sub-THz transmission experiments.
Performing such a post-emphasis filtering before rather than
after the frequency down-conversion can mitigate the low-pass
filtering of the mixer output, which is not symmetrical around
the IF carrier but around DC.

After the post-emphasis filter, the digitized real-valued IF
signal is further mixed with a digital LO and down-converted to
a baseband complex signal expressed as:

EBaseband(nTs) =
〈
EIF (nTs) · e−jωIFnTs

〉

=
1

2
jAIF (I + jQ) · ejϕIF (7)

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
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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 pre-
ferred 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 transmis-
sions based on directly emitting semiconductor laser sources.
More explicitly, we combine a DM QCL with advanced mod-
ulation formats and signal processing techniques to explore the
system limits. In what follows, we use our experimental config-
uration 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.

Fig. 5. Block diagrams of the Tx and Rx DSP for (a) PAM. (b) DMT signals
for DM QCL-based free-space transmission systems.

2) Transmitter and Receiver DSP: Fig. 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 generi-
cally 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
driving signal amplitude. A static 2-tap pre-emphasis equalizer,
which has the same transfer function as (6), is used to pre-
compensate the strong low-pass filtering induced by the limited
bandwidth of the transceiver. On the receiver side, the captured
digital samples firstly pass through a matched RRC filter before
being upsampled to 8 samples per symbol. Timing recovery
based on maximum variance is performed, and the signal is
decimated to 1 sample per symbol for symbol-spaced adaptive
equalization. The equalizer is configured either solely as a feed-
forward equalizer (FFE) or combined with a decision feedback
equalizer (DFE). The equalized symbols are de-mapped into
binary bits for BER counting.
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Fig. 6. Single-channel 16QAM signal transmission at 0.4 THz: (a) Experimental setup; (b) the optical spectrum at the UTC-PD; pictures of the (c) THz emitter.
(d) THz receiver; and (e) measured BER curves at different baud rates. [53] (IEEE, reprinted with permission.).

Fig. 5(b) shows the DSP for generating and demodulating
DMT signals. At the transmitter, the serial binary data is first
converted to a parallel pattern for the bit-to-symbol mapping.
We use Chow’s algorithm for the bit- and power-loading to max-
imize the spectral efficiency of the modulated signal [115]. After
the conventional IFFT and parallel-to-serial conversion blocks,
we insert the cyclic prefix (CP) and resample the waveform to
match the AWG sampling rate. At the receiver, a reverse pro-
cedure is performed to recover the parallel symbols modulated
on the subcarriers. A simple frequency-domain linear equalizer
(FDE) is found to be sufficient for signal equalization in our
experiments.

One should note that no complex nonlinear equalizers are used
in our experiments. The reason is that both the modulator and
the detector have excellent noise performances with a highly
linear and large dynamic range for modulation and detection.
This is the key factor for transmitting multigigabit data rates
over only a few hundred of MHz bandwidth. We further explain
and quantify this merit in Section IV.B.

IV. TRANSMISSION SYSTEM EXPERIMENTS

This section presents a few examples of our recent experimen-
tal demonstrations of free-space transmissions in both the lower-
and upper-THz bands, enabled by the methodologies described
in Section III.

A. High-Speed Transmissions in the 0.3-0.5 THz Bands With
the Hybrid Electro-Optical Approach

1) Single-Channel THz Transmissions Assisted With Pho-
tonics: Fig. 6 summarizes our experimental study of a single-
channel photonic-wireless transmission in the 0.4 THz band.
The experimental setup is shown in Fig. 6(a). We firstly use
cascaded intensity and phase modulator to generate an optical
frequency comb (OFC). Then we use a wave shaper to select the
two tones with 425 GHz separation as the two optical carriers
for photomixing, as shown in Fig. 6(b). One of the carriers is
modulated with single-carrier 16QAM at different baud rates of

up to 32 Gbaud. The two carriers are combined and launched into
a broadband UTC-PD for photomixing. The UTC-PD, as shown
in Fig. 6(c), is a commercial packaged device integrated with a
bow-tie antenna (NTT Electronics Corp, IOD-PMAN-12001).
A pair of THz lenses (100-mm diameter, 200-mm focal length)
separated with 0.5-meter distance is used to collimate the THz
beam. At the receiver, a Schottky Barrier Diode (SBD)-based
sub-harmonic mixer (SHM, VDI WR2.2MixAMC) is used to
detect the received THz signal. The SHM, as shown in Fig. 6(d),
has an IF output bandwidth of 40 GHz and is driven by a 12-time
frequency multiplied electrical LO signal. The down-converted
IF signal is then captured by the 160 GS/s DSO for offline DSP
demodulation.

Fig. 6(e) shows the measured BER curves versus the launched
optical power into the UTC-PD. We achieved BER performance
below the 7% overhead (OH) hard-decision FEC (HD-FEC)
limit of 3.8×10−3 with 20 Gbaud 16QAM signal and below
the 20% OH soft-decision FEC (SD-FEC) limit of 2×10−2 at
32 Gbaud, resulting in a net data rate of 106 Gb/s with stable
performance [54].

2) Multi-Channel Hybrid Electro-Optical THz Transmis-
sions: We extend our experimental study to a multi-channel
configuration and summarize it in Fig. 7 [55]. The experimental
setup is shown in Fig. 7(a). A few modifications can be observed
compared with our single-channel setup shown in Fig. 6(a).
Firstly, we use narrower OFC spacing and use the wave shaper to
select six frequency channels, which are grouped in 3 pairs. Sec-
ondly, 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
Section 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
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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.).

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 Fig7(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(e), where clear performance differences
among the channels are observed.

To further extend this work towards simultaneous multi-
channel reception, one can consider using frequency-division
demultplexers to spatially separate the multiplexed frequency
channels [116], [117], or using receiver arrays consisting of mul-
tiple coherent detectors with different LO frequencies for active
channel selection and filtering. The latter approach resembles the
‘superchannel’ detection scheme in coherent fiber-optic systems
and can be facilitated by the recent advancement of large-scale
integrated circuits. Both approaches can be potentially applied
to detecting multi-channel broadband signals before any funda-
mental breakthrough in receiver bandwidth occurs.

3) Extending the Transmission Distance: Both the single-
and multi-channel experimental studies described above were
limited in transmission distance. Thus, the next attempt was to
increase the link distance. We first lowered the carrier frequency
from 0.4 THz to 0.35 THz, gaining higher output power from the
UTC-PD. With this configuration, we extended the transmission
distance to 2 meters at 100 Gb/s [56]. We further employed a
pair of 54 dBi gain Cassegrain reflector antennas, switched to a
slightly more energy-efficient PS-16QAM-OFDM modulation
format, and demonstrated an indoor transmission over 26.8-m
distance at a net rate of 106 Gb/s. The free-space path loss
(FSPL) for such a distance for 0.35 THz signal is calculated
to be around 112 dB. A picture of the THz transmitter, receiver,
and the indoor THz link is shown in Fig. 8(a). The measured BER
curve and a selected constellation diagram are shown in Fig. 8(b)

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).

[59]. It is worth noting that no amplifiers at THz frequencies are
used in this work. Therefore, further extending the THz wireless
distance can be expected with effective THz amplification, as
presented in [49].

4) Multi-Dimensional Multiplexing: Multiplexing is another
key aspect. Indeed, practically, fewer channels may save cost
and maximize interface density. From an energy efficiency
point of view, it is more reasonable to adopt the concept of
“parallelism” than to squeeze more information into a fewer
number of channels. Considering total power Ptot and number
of channels N, the information-theoretic capacity scales linearly
in N but only logarithmically in power per channel Ptot/N [118].
Therefore, multiplexing has become a trend for research and
development in both wireless communications (e.g., MIMO)
and fiber-optics (wavelength, polarization, and spatial division
multiplexing). Therefore, we consider it is of interest to study
the translation of these multiplexing schemes into the sub-THz
regime and perform experimental explorations in this aspect.
Fig. 9 summarizes the results of our recent experimental study
on a joint frequency- and polarization-multiplexed free-space
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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.).

transmission system at 0.35 THz [60]. Two orthogonal polariza-
tions, each carrying two channels multiplexed in the frequency
domain, formed four independent channels and were simultane-
ously emitted and transmitted through the free-space link. The
optical spectrum of the two channels of X-polarization captured
before the UTC-PD is shown in Fig. 9(a). As a proof-of-concept
demonstration, we used a single antenna at the receiver, aligned
to one polarization at a time, to detect the transmitted THz signal.
The transmitters and the receiver pictures are shown in Fig. 9(b)
and (c), respectively. Comparing the electrical spectra shown
in Fig. 9(d) and (e), we observed negligible crosstalk from the
channels of the orthogonal polarization state. Fig. 9(f) shows
the measured BER curves for all four multiplexed channels.

The maximum achievable raw data rates for each channel are
shown in the legend. This system’s aggregated raw data rate is
calculated to be 612.65 Gb/s, resulting in an aggregated net rate
of 510.5 Gb/s after extracting the FEC overhead.

B. Multigigabit MWIR Free-Space Transmissions With
Directly-Modulated QCL

In this subsection, we summarize our recent experimental
works in free-space transmissions in the upper-THz band, en-
abled by a directly-modulated QCL emitting at 4.65 µm.

1) 4 Gb/s Close-Proximity Transmission With DMT and
PAM4: Fig. 10 summarizes our first experimental trials of the
QCL-based MWIR free-space transmission. The experimental
setup is shown in Fig. 10(a). The pictures of the QCL mount
and the MCT detector are shown in the insets. The QCL chip
was manufactured by mirSense, and the MCT IR PD was a
commercial unit (Vigo System SA). Due to the mechanical
mismatches, in this study, we didn’t install the collimating lens
on the QCL mount, and the QCL chip and the MCT detector
were only separated with a 5-cm distance. The P-I-V curve of
the QCL is shown in Fig. 10(b). A maximum continuous optical
power of 60 mW can be achieved at 350 mA driving current. Two
modulation formats, i.e., PAM4 and DMT, were tested with this
setup. The signals of the two modulation formats were generated
and detected with the DSP routines described in Sec. III. B.
The measured S21 frequency response of the end-to-end link
is shown in Fig. 10(c). The 3-dB bandwidth is only around
320 MHz, and the 6-dB bandwidth is around 440 MHz. The
bottleneck of the system bandwidth is believed to be the MCT
PD, which has a 3-dB bandwidth of 720 MHz per the manufac-
ture’s specifications. For PAM4 modulation at 2 Gbaud, we used
a pronounced pre-emphasis filtering with coefficient α = -0.99
to enhance the high-frequency components. The signal spectra
before and after the free-space transmission are also shown in
Fig. 10(c). One can see that the received signal spectrum is
equalized to a regular QAM signal spectral shape owing to the
pre-emphasis filtering. The BER curves and the selected eye
diagram are shown in Fig. 10(d) and (e), respectively. With a
13-tap FFE, we could achieve performance below the HD-FEC
limit. Clear eye openings are also observed. For DMT, we tested
configurations both with and without bit- and power-loading.
Fig. 10(f) shows the corresponding bit-loading mapping. The
BER performance of the DMT transmissions is summarized in
Fig. 10(g). The maximum achievable data rate benchmarked
against the HD-FEC limit was explored for different configura-
tions, and the one with bit- and power-loading gave the highest
achievable rate.

Finally, considering the pulse shaping and the strong pre-
emphasis for PAM4 and the bit- and power-loading configura-
tion for DMT both result in high PAPR values, such a transmis-
sion performance verified the excellent noise performances and
the high linearity of this system.

2) 0.5-m Collimated Beam Transmission With PAM Signals:
Considering the limited link distance in the first round of our
experiment, we performed a follow-up experiment with a re-
design of the custom bias-tee, which enabled the installation
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Fig. 10. (a) Experimental setup of 4 Gb/s free-space transmission with the 4.65-µm DM QCL. (b) P-I-V curve of the QCL. (c) End-to-end S21 response and
equalized signal spectrum before and after transmission. (d) BER performance of 2 Gbaud PAM4. (e) Eye diagram of the equalized 2 Gbaud PAM4 signal. (f) SNR
and bit-loading configuration of 4 Gb/s DMT signal. (g) BER performance of DMT signals at various bit rates. [104].

Fig. 11. Up to 6 Gb/s PAM8 free-space transmission with the 4.65-µm DM
QCL over extended reach of 0.5 meter. [105].

of a collimating lens on the QCL mount. With proper beam
collimation, we could considerably increase the transmission
distance and enhance the received SNR [105], [106]. Fig. 11
shows a picture of the tabletop experimental setup and the
transmission results of PAM8 signals. In this experiment, we
set a 0.5-m link distance between the QCL output and the MCT
PD due to the space constraints of the setup. 1.5 Gbaud PAM8
signal, corresponding to a bit rate of 4.5 Gb/s, was transmitted
through the link, and received with a BER performance below the
KP4-FEC limit of 2.2E-4 [119]. Furthermore, 2 Gbaud PAM8,
corresponding to a bit rate of 6 Gb/s, was achievable against

the HD-FEC threshold. Finally, we could confidently expect
a much longer transmission distance from the measured BER
curves, considering the large power margin shown in the current
system.

V. CONCLUSION

We present an overview of the current research and devel-
opment status for free-space communications in the underex-
ploited THz spectrum region, consisting of both the lower-THz
band, i.e., the sub-MMW, and the upper-THz band, i.e., the
MWIR and LWIR. Photonic technologies have started to show
irreplaceable merits in many of these high-speed transmission
systems at high carrier frequencies. One can expect them to
play an increasingly important role in the envisioned techno-
logical roadmap shift towards an all-spectra communication
paradigm. Our experimental contributions in both the lower- and
upper-THz bands are summarized. In the lower-THz region, we
adopt the hybrid electro-optical approach based on heterodyne
photomixing and transparently translate broadband modulation
from the fiber-optic wavelength to the THz frequency. In the
upper-THz region, we adopt a DM QCL as the signal source and
experimentally demonstrate multigigabit transmission at room
temperature. Following the path towards future development,
technical challenges exist in both THz regions. In the lower-THz
region, the limited THz output power and the low-conversion ef-
ficiency of the electro-optical approach hinder the development
of energy-efficient transceiver solutions. Possible ways forward
are to employ transmitter arrays to increase emitting power and
perform large-scale co-integration of photonics and electronics
to reduce power loss. In the upper-THz band, further increasing
the supportable data rate with the QCL-based approach is the
near-term target. It requires engineering effort on the transmit-
ter side to reduce the parasitic effect during fabrication and
packaging and more fundamental effort on the detector side to
achieve high bandwidth at room temperature. Recent progress
in developing ultrafast MWIR/LWIR photodetectors, including
both the quantum well infrared photodetectors (QWIPs) and
the quantum cascade detectors (QCDs), has shown promising
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results in supporting over 50 GHz detection bandwidth at room
temperature [120]–[123]. Combining these novel components
and devices with advanced multiplexing techniques, one can ex-
pect orders of magnitude higher transmission data rates support-
able in the MWIR/LWIR bands. For both the lower- and upper-
THz regions, to establish complete free-space communication
system solutions supporting necessary functionalities such as
multi-dimensional multiplexing and beamforming, research and
development of all relevant active and passive components
and devices will be necessary, including external modulators,
amplifiers, filters, wavelength/spatial selective switches and so
on. Finally, identifying a viable approach to bridge further the
gap between the lower- and upper-THz regions is essential to
exploit the rich spectral resource in the THz band and achieve
the all-spectra communication target. One of the high poten-
tial candidates is the THz-QCL, considering its recent break-
throughs in demonstrations of high-speed modulation [124]
and room-temperature operation [125]. Considering all these
aspects, further research efforts in this underexploited direction
can be highly rewarding.
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