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ABSTRACT Terahertz (THz) systems open up the possibility of new applications of electromagnetic 
waves. Enormous bandwidths up to several terahertz enable the development of powerful spectroscopy 
systems that can provide insights into the structure and material of objects with micrometer resolution. 
New high power and compact THz time-domain spectroscopy (TDS) systems will be presented. The 
wide bandwidth also enables high-resolution imaging under far-field conditions to analyze arbitrary 
objects from a distance. In addition, a near-field system-on-a-chip imaging system is presented that 
achieves a resolution of 10 µm. Additionally, the application of terahertz waves presents challenges due 
to the low transmit power of the sources, high attenuation in free space, and the high noise figures of the 
receivers. These challenges can be overcome by antennas with high gain. Since - depending on the 
application - spatial scanning or focusing in a time-varying direction is required, beam steering is an 
essential component of many THz systems. In terms of communications, terahertz carrier frequencies 
offer wide bandwidths, enabling correspondingly high data rates of 100 Gbit/s and more. As a result, the 
frequency bands between 250 GHz and 450 GHz have already been identified and/or allocated for 
communication services and are being discussed as a component of 6G mobile communications. 
Concepts and demonstrations for 6G terahertz mobile communications will be presented. The high 
bandwidth of terahertz waves can also be used for high-accuracy indoor localization. 

INDEX TERMS THz time-domain spectroscopy, high average power THz systems, THz far-field 
imaging, THz near-field imaging, THz communication, THz localization, MTT 70th Anniversary 
Special Issue 

 

I. INTRODUCTION 
Terahertz (THz) systems are currently undergoing a 
transformation from pure basic research to application-

driven research [1], [2]. In the following, systems dealing 
with the frequency range from 0.1 THz to 10 THz are 
referred to as THz systems. Before discussing the present 
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and future of THz systems, a brief history will be given 
here. An important pioneer of high frequency technology is 
Bose, who already in 1899 described the nonlinearity of 
junctions similar to modern diodes [3]. Besides this early 
success of electronics, the development of a far infrared 
(FIR) spectrometer by Rubens and Nichols 1897 provided 
a breakthrough [4]: Planck was able to use the measured 
data to develop Planck's radiation law. Already in 1925, the 
gap between the FIR and electric sources could be closed 
by overlapping the radiation of a Hertzian oscillator with a 
mercury arc source [5]. Other important inventions that are 
still used today are the Golay cell from 1947 [6] and the 
cooled bolometer from 1942 [7]. As early as 1954, 
microwave spectroscopy could be extended into the 
submillimeter range, thus realizing also spectroscopically 
the transition to the FIR range [8]. A major advance for 
spectroscopy in the FIR range is Fourier transform 
spectroscopy (FTS) [9] which was ultimately only made 
possible by the development of computers and especially 
the fast Fourier transform (FFT) in 1965 [10]. In 1953, the 
development of the first backward wave oscillator (BWO) 
laid the foundation for electronic source above 300 
GHz [11]. Coherent optical sources based on the laser 
principle were first demonstrated in 1964 in the form of the 
water vapor laser [12]. A major contribution to the 
development of modern laser-based spectroscopy systems 
represents the dispersive Fourier-transform spectroscopy 
(DFTS) [13], which laid the foundation for time-domain 
spectroscopy (TDS). TDS was used in the microwave 
regime as early as 1968 [14]. In 1970, the THz optical 
excited gas laser was developed, which is still widely used 
today [15]. The steady development of lasers and nonlinear 
elements such as electro-optical crystals [16] and the so-
called Auston switch [17] led to the foundation of the very 
successful THz-TDS. Another application area responsible 
for significant advances in THz technology not covered in 
this article is astronomy [19]. An overview of THz space 
instruments is given by Siegel [18]. 

In the following, 5 relevant groups of THz systems will 
be considered in more detail. Section II deals with 
broadband spectroscopy systems based on the THz-TDS 
principle. Here, systems with high average power and 
compact systems are presented. Section III focuses on free-
form imaging systems and integrated nearfield imaging 
systems. Section IV gives an overview of beam steering 
systems as enabling technology for imaging, 
communication, and localization. In section V 
communication systems are presented. The focus is on 
standardization and regulation as well as mobile 6G THz 
communications. Section VI exhibits an indoor localization 
system based on low-complexity and energy-autonomous 
infrastructure. 

II. BROADBAND SPECTROSCOPY SYSTEMS 

A. TERAHERTZ TIME-DOMAIN SPECTROSCOPY 
Terahertz time-domain spectroscopy was developed in the 
late 1980s as a tool for the THz frequency range [20]. This 
frequency range was difficult to access until then because 
the frequency is too low for optical light sources and too 
high for electronic microwave systems. THz-TDS is 
characterized by being an extremely broadband technique 
and being field resolved – i.e. providing a direct 
measurement of the THz electric field. This allows on the 
one hand for the complex permittivity of materials to be 
determined over a wide frequency range with a single 
measurement; on the other hand enables measurements 
with very high sensitivity compared to other techniques 
such as Fourier-transform infrared spectroscopy 
(FTIR) [21]. 

The principle of operation of a THz-TDS is shown in 
Fig. 1 for the case of one of the most used THz-emitters for 
this technique: the photoconductive antenna (PCA) or 
Auston switch. In this scheme, an ultrafast laser emits a 
series of pulses that excite charge carriers in a 
semiconductor-based antenna with an ultrashort carrier 
lifetime [22]. The PCA acts as a transmitter when a bias 
voltage is applied to the antenna structure: The generated 
carriers are accelerated by the external bias field and emit 
electromagnetic radiation. The electromagnetic radiation is 
broadband and has spectral components from nearly 0 THz 
to several THz. The THz radiation can also be detected with 
a PCA driven by the same ultrafast laser: Here, the THz 
transient itself acts as an electric field accelerating the 
photoexcited charge carriers, and the photocurrent is 
proportional to the field amplitude. Since the optical pulse 
is shorter than the THz transient, it can be used for optical 
sampling. For this purpose, a variable delay is required in 
the receiver arm. Spectral data from the time domain signal 
can be obtained by Fourier transform [23]. It is important 
to note that the TDS technique relies on the generated THz 
pulses being phase-stable, since it requires multiple 
consequent pulses to reconstruct a single pulse. 

 

FIGURE 1.  A simplified block diagram of a THz-TDS system. 
The optical pulse is split by a beam splitter (BS) into two arms: 
Transmitter and receiver arm. A variable delay is used in the 
receiver arm to allow optical sampling of the THz transient. 

PCAs are most used emitters and receivers in 
commercial systems, but several other techniques are 
nowadays also being increasingly deployed both in 
scientific applications and in more applied scenarios. The 
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most prominently used method is optical rectification (OR) 
in (2) nonlinear crystals. OR is a second order nonlinear 
effect, which was demonstrated as early as 1962 [24] 
closely after the invention of the laser. It is the quasi-DC 
component of the second order nonlinear polarization, 
which follows the envelope of the excitation femtosecond 
pulse, and acts as a source for the emission of THz 
radiation. The most crucial design constraints of THz 
sources based on optical rectification are: (1) reaching 
sufficiently high intensity with the driving laser on the 
nonlinear crystal to access the nonlinear response of the 
crystal while avoiding damage and other detrimental 
effects (2) achieving velocity matching conditions between 
the excitation and the generated broadband THz wave over 
a reasonable length of the nonlinear crystal in order to 
efficiently convert the near infrared (NIR) light to a 
broadband THz pulse (3) generating sufficiently broad THz 
radiation and circumventing problems related to THz 
absorption to due inevitable phonon resonances.  

Other emerging techniques to generate broadband THz 
pulses that could emerge in future THz systems include 
THz spintronic emitters [25], organic crystals [26], and 
plasma-based two-color filament sources [27]. However so 
far, these remain so far rather specialized lab sources, and 
have still to find their way to robust industrially compatible 
systems. 

The first THz systems were operated with mode-locked 
dye lasers [28]. These lasers are very cumbersome to 
handle and some of the dyes used are highly carcinogenic. 
Consequently, a major step towards reliable THz systems 
was the use of newly developed and more reliable solid-
state lasers in the early 1990s. Particularly worth 
mentioning here is the titanium:sapphire laser, which 
enabled the reliable generation of 60 fs pulses as early as 
1991 [29]. Driven by such a laser, hyperspectral images in 
the THz range could be acquired for the first time [30]. 
Although titanium:sapphire lasers are much more stable 
compared to dye lasers, they are still complex laser systems 
that require a multistep optical pumping process. A 
potentially more compact and simpler ultrashort pulse laser 
system was also developed in the early 1990s: the mode-
locked fiber laser [31]. These lasers are characterized by a 
compact design (about the size of a conventional shoebox) 
and the emitted radiation can naturally be transported very 
well through optical fibers. However, it took until the late 
2000s until the first fiber-coupled THz system based on a 
fiber laser was presented [32]. Nowadays, most commonly 
used commercial THz-TDS systems are based on such 
compact ultrafast fiber-laser sources and PCA emitters and 
receivers, which demonstrate very high dynamic range 
operation [33]. 

From the observation of the past, it is obvious that the 
development of future THz systems is closely related to the 
development of laser systems. The properties of the lasers 
significantly shape the specification of the THz systems. 
This paper therefore focusses on recent advances that are 

particularly relevant to take THz-TDS to real-world 
applications, that is an increase in their average power. 

B. HIGH AVERAGE POWER SYSTEMS 
Many efforts have been dedicated in the last decades to 
improve the performance of THz-TDS systems. From the 
emitter point of view most of these efforts have focused on 
increasing single pulse energy or bandwidth, typically at 
the expense of average power.  

The average power of a THz pulsed source is by 
definition the product of the single pulse energy and the 
repetition rate and is the critical figure of merit for 
applications where signal-to-noise-power-ratio (SNR) or 
dynamic range are limiting. It is important to note that it is 
the combined performance of emitter and receiver that 
make a final solution possible; and many successful 
research efforts have been dedicated to improve the 
detection sensitivity, reaching record-holding values [33]. 
The combination of such sensitive detectors with higher 
average powers would enable new applications that could 
so far not be considered due to the current performance 
limits. Some examples of applications that benefit from an 
increase in average power of current THz-TDS are THz 
time-of-flight imaging in difficult scenarios, such as 
outdoors where air humidity attenuates THz frequencies 
strongly, or when observing reflected objects with strong 
scattering or low reflectivity, THz communications where 
traditionally only short-distance links are considered, or 
spectroscopy at remote distances. In Fig. 2 a, clear example 
in time-of-flight imaging is presented where high-average 
power THz-TDS can bring significant advances based on a 
lensless imaging approach [34]. 

 

FIGURE 2.  THz-time-of-flight 2D imaging in reflection of a 3D 
printed object (left image), comparing the image reconstructed 
using the same measurement time using a commercial low-
power THz-TDS (200 µW average power) and a home-built 
setup (20 mW average power) in identical imaging situations. 
Higher average powers allow to reconstruct the object with 
significant better SNR. Figure adapted from [35]. 

The current state of the art of THz-TDS systems is 
illustrated in Fig. 3. As can be seen, most common TDS 
systems operate with THz average powers from the emitter 
<100 µW, making many real-world application scenarios 
difficult to implement in practice.  

Of particular practical importance in THz-TDS systems 
is an increase in the average power of high-repetition rate 
systems beyond megahertz. In fact, because many pulses 
are needed to reconstruct a single THz pulse, the 
acquisition time is ultimately limited by the repetition rate 
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of the laser. Additionally, the extremely challenging 
scenarios addressed by these sources will additionally 
require averaging over many pulses, which can only be 
done in reasonable measurement times at very high 
repetition rate. 

The low average power of current THz-TDS systems is 
intimately linked to the low average power of commonly 
used ultrafast lasers driving them; in fact two technologies 
are most commonly used in THz systems: Ti:Sapphire 
oscillators and amplifiers at 800 nm, mostly deployed in 
lab-based settings, and low-power ultrafast fiber lasers at 
telecommunication wavelengths of 1550 nm based on 
commercial THz-TDS. Both laser systems are limited to 
maximum average powers in the order of < 1W. In 
combination with typical small conversion efficiencies 

<< 1 %, this has clamped progress in the generation of 
higher average power THz-TDS. 

FIGURE 3.  State-of-the-art of average power of lab-based THz-
TDS sources, showing a selection of recent results aiming for 
achieving high average powers. Highlighted with stars are 
recent results achieved at high repetition rate > 1 MHz using 
OR using high average power driving sources.  

However, driving ultrafast lasers have also in parallel 
made extremely large progress in terms of average power 
in the last decade, thus opening the door to much higher 
average power THz-TDS. Nowadays, femtosecond laser 
systems exceed the kilowatt average power level at around 
1 µm with Yb-based gain media in improved cooling 
geometries [36]–[38]. These developments have opened 
the door to a rather new and forward-looking field of high 
average power, ultrafast laser-driven THz sources. Some 
noteworthy recent demonstrations include the 
demonstration of a 66 mW THz-TDS at 13.4 MHz 
repetition rate based on OR [39]; a 640 mW average power 
two-color plasma-based THz source at 500 kHz repetition 
rate [40] among several other recent demonstrations in this 
direction.  

Next research directions in this field will most likely 
address high average powers in the multi-ten to multi-
hundred mW average power at much higher repetition rates 
>> 100 MHz; as well as combining this high average power 

with ultra-sensitive detectors for record high dynamic 
ranges and very short measurement times. 

It is to be expected that such high average power 
systems will open up new application fields or make the 
community re-visit old problems that were difficult to 
tackle. Some examples are given above, but some aspects 
of other fields considered very difficult could be revisited 
as well, for example the use of THz-TDS for biomedical 
applications. One critical factor to determine which 
application fields will be opened up by these new sources 
is the cost of the achievable systems, which will be 
determined by their adoption into the industrial landscape. 

C. COMPACT SYSTEMS 
A major aspect affecting the size and cost of a THz system 
is the light source used. As described previously, fiber 
lasers were an important step toward compact systems 
because they are intrinsically fiber-coupled and the gain 
medium is pumped through an electrically driven diode 
laser. The logical step to further miniaturization is the 
direct use of diode lasers to drive the THz spectrometer. 
Laser diodes have the advantage that they can be integrated 
monolithically, are electrically driven and have a footprint 
of less than 1 mm2. Laser diodes are used in THz frequency 
domain spectroscopy (FDS) and THz-TDS systems. 

THZ-FDS systems are based on the superposition of two 
single frequency lasers. The superposition produces a beat 
signal at the difference frequency of the two lasers. This 
principle was first demonstrated in 1993 with two 
titanium:sapphire lasers [41]. Only 2 years later, a system 
based on laser diodes was presented [42]. This system 
concept is much more compact than THz-TDS systems. In 
addition, a frequency resolution that only depends on the 
accuracy in tuning of the two lasers is given. For example, 
a resolution of about 10 MHz was demonstrated [42]. In 
THz-TDS systems, on the other hand, the resolution is 
given by the length of the delay line and is typically in the 
range of a few GHz. A disadvantage of THz-FDS is the 
long measurement time. Combined with the high frequency 
resolution, measurement times of several 10 minutes are 
common. Liebermeister et al. presented a system which 
solves this issue and achieves a measurement time of 5 ms 
by using a fast tunable laser. By averaging, a DR of 117 dB 
with a bandwidth of 4 THz was demonstrated [43]. A 
comprehensive overview of THz-FDS systems and their 
applications is given by Preu et al. [44]. 

There are two approaches for THz-TDS type systems. 
First, simple multi-mode laser diodes (MMLD) were used 
to drive a conventional THz spectrometer. Since the light 
source is an incoherent source, this approach was called 
THz cross-correlation spectroscopy (THz-CCS) [45] and 
later became known as THz quasi time-domain 
spectroscopy (THz-QTDS) [46]. The second approach is to 
use a mode-locked laser diode (MLLD) and was 
demonstrated in 2017 [47]. This emits a pulse train which, 
corresponding to the short resonator length, has a high 
repetition rate. Because of the high repetition rate, these 
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systems are referred to as ultra-high repetition rate (UHRR) 
THz-TDS [48]. Fig. 4 shows the time and frequency range. 
The repetition rate of 50 GHz of the laser is visible in the 
THz trace as well. The pulses have a spacing of 20 ps and 
this periodicity can be also seen in the frequency domain. 
It is notable that the peak dynamic range exceeds 120 dB 
and hence outperforms state of the art THz-TDS systems 
driven by fiber lasers in this regard. This increase in SNR 
was achieved in part by using a PIN-PD as the emitter 
instead of a photoconductor [49]. Similar performance can 
also be expected when using an uni-traveling-carrier (UTC) 
PD [50]. 

 

FIGURE 4.  a) Time-domain trace of an UHRR-THz-TDS system 
and b) the corresponding frequency domain representation. 

It should be noted here that signals from THz-
CCS/QTDS systems exhibit the same periodicity when 
driven by laser diodes [51]. This is accompanied by a low 
frequency resolution. Therefore, these systems are not 
suitable for high-resolution spectroscopy. To overcome 
this problem, a superluminescent diode (SLD) can be used 
since it has a broadband unstructured spectrum. This 
approach was demonstrated for the first time in 2019 [52]. 
However, the continuous spectrum is accompanied by a 
reduction of the dynamic range [53]. 

However, the high repetition rate also has advantages 
when it comes to developing compact systems. Since the 
full information is contained in one period, a very short 
optical delay unit can be used. Fig. 5 a) shows the 
schematic for a compact, fiber-coupled, and MLLD driven 
THz-TDS system. The photocurrent at the receiver (Rx) is 
amplified by a transimpedance amplifier (TIA) and 
sampled by a combination of a single board computer 
(SBC) and field-programmable gate array (FGPA). All 
components except the THz path are housed in a 300 mm x 
270 mm x 110 mm enclosure (see Fig. 5 b). 

a) 

 
 
b) 
 

FIGURE 5. a) Schematic representation of the compact UHRR-
THz-TDS system and b) picture of the system. 

D. COMPARISION AND OUTLOOK 
Competing technologies to THz-TDS and FDS are FTIR, 
electronic THz systems, and quantum cascade lasers 
(QCL). As described above, FTIR has the disadvantage that 
especially low frequencies (< 1THz) can be reached only 
poorly and phase information is missing [54]. Electronic 
systems are limited both in terms of maximum bandwidth 
and central frequency [55]. With QCLs, there is also a 
difficulty to realize low frequencies as well as a high 
bandwidth. The frequency range is usually > 1 THz and the 
bandwidth is limited to 1 decade [56]. In addition, 
cryogenic cooling is required. 

Important tasks for the future will be to extend existing 
material databases to complete spectroscopic data over the 
whole available frequency range. Examples of these 
databases are high-resolution transmission molecular 
absorption database (HITRAN) [57] and Cologne database 
for molecular spectroscopy (CDMS) [58]. In the future, 
these databases will play an important role in the 
development of new devices and can also be used for 
material identification by using machine learning [59]. 
Especially for strongly absorbing samples, systems with a 
high SNR are needed here. Compact and cost-effective 
systems are, e.g., required to serve potential industrial 
applications [1] or for the examination and restoration of 
art objects and monuments [60]. 

Another important point for the competitiveness of 
THz-TDS systems is the increase of the measurement 
speed. Usually, multiple measurements are averaged to 
ensure a sufficient SNR. Accordingly, an increase in 
transmit power can be translated into a reduction in 
averaging. A direct increase of the measurement speed can 
be achieved by replacing the mechanical delay line by 
concepts like asynchronous optical sampling 
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(ASOPS) [61] or electronically controlled optical sampling 
(ECOPS) [62]. Here, a high repetition rate of the lasers is 
particularly advantageous, since this reduces the demand 
on the sampling electronics. Examples from optical 
distance measurement can be directly applied to UHRR-
THz-TDS systems where measurement speeds > 1 MHz 
were realized [63], [64]. 

III. IMAGING SYSTEMS 

A. IMAGING SYSTEMS FOR FREE FORMS 
At the early stage of THz-TDS systems, the laser pulses 
were guided in free space. This made THz systems 
inflexible. THz time-domain spectrometers were set up on 
an optical table and thus non-portable. In 2000 the first 
fibre-coupled THz systems were introduced by 
Picometrix [65]. It allowed for a free movement of THz 
antennas and therefore provided flexibility. In 2007 a 
further advancement was demonstrated by Wilk et al. [66]. 
They presented a THz-TDS system based on a cost-
effective fibre laser operating at a wavelength of 1.55 μm. 
Such systems comprise low-cost telecom components and 
are developed for long-term operation. The system was 
enabled by a new antenna material: low-temperature grown 
InGaAs/InAlAs multiple-quantum wells. 

After this first demonstration this material system 
constantly improved over the years. This is illustrated in 
Fig. 6 which shows power spectra generated and detected 
with state-of-the-art PCAs from 2012 (orange) and 2021 
(blue). The orange curve corresponds to PCAs made of 
low-temperature grown (LTG) InGaAs / InAlAs multilayer 
heterostructures doped with beryllium (Be) [67] whereas 
the blue curve was measured with PCAs made of rhodium 
(Rh) doped InGaAs [68]. Note the bandwidth increase from 
approx. 3.5 THz (2012) to 6.5 THz (2021) and the > 40 dB 
higher dynamic range of the 2021 spectrum. These 
improvements were mainly achieved by higher optical-to-
THz conversion efficiency and improved material 
properties (lifetime, mobility, resistivity) of the PCAs. The 
latest antenna generation based on photoconductive 
membranes offer a bandwidth of up to 10 THz [69]. Hence, 
meanwhile THz systems comprising these antennas offer 
an excellent SNR and a bandwidth of several THz. 
Furthermore, these systems, which are commercially 
available from several companies, show an excellent long-
term stability. Hence, measurement campaigns over several 
days [70] or even weeks [71] are feasible. 

 

FIGURE 6. Comparison of power spectra generated and 
detected with state-of-the-art PCAs from 2012 (orange) and 
2021 (blue). Spectra were recorded with a fiber coupled THz 
TDS system illuminated with femtosecond pulses centered 
around 1560 nm from the respective year. 

The acquisition of THz images usually takes only a few 
minutes and at most a few hours. The first images with a 
THz TDS system were taken at Bell Laboratories in 
1995 [30]. This involved moving the mostly flat samples 
through an intermediate focus in a raster pattern. The 
transmitted THz pulses were analyzed for each pixel, so 
that an image was formed step by step. 

Since that time, many different flavors of THz imaging 
have been demonstrated (see [72] for a review). One 
variant is THz tomography, in which objects are scanned in 
reflection [73]–[75]. Analogous to ultrasound examination, 
THz tomography obtains a series of reflections originating 
from the different interfaces in a sample. Unlike ultrasound 
measurements, THz technology uses transverse 
electromagnetic waves rather than longitudinal sound 
waves. One advantage over ultrasound is that the probe 
does not have to touch the sample but is positioned at some 
distance. In any case the internal structure of the objects 
can be concluded from the pattern of the reflected THz 
pulses. 

Early THz tomography systems had a stationary focus 
through which a sample was moved in a two-dimensional 
grid pattern to obtain an image. To obtain such images it is 
important that the sample is always in the focus and that the 
direction of incidence is parallel to the surface normal. 
Hence, only flat, i.e. planar samples could be measured, 
which significantly limited the sample selection.  

Recently, Stübling and coworkers attached a fibre-
coupled THz system to a robotic arm and such 
demonstrated a system that enables spectroscopic and 
imaging THz measurements on free-form objects [76]. 
With this system, the THz emitter and receiver can be 
positioned perpendicular and at defined distance to the 
sample surface for each pixel. First the outer shape of the 
object is determined using a commercially available fringe 
projection system. One task is to connect the 3D scanner 
coordinate system with the robot or real-world coordinate 
system, respectively. This requires additional scans of a 
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known reference pattern. More details on the system can be 
found in [76]. Using this system Stübling et al. studied an 
ancient mummified human hand [77]. 

 

FIGURE 7.  Comparison of layers reconstructed from the THz 
measurement and a micro-CT scan. (a) shows the determined 
3D shape of the hand. The red area indicates the region 
investigated with THz tomography. (b) and (c) show cross-
sections along the white dotted lines in part (a). (d) and (e) 
show magnifications of these cross sections. The colored 
lines indicate layers identified in the THz scan. The figure is 
reproduced from [77] within Creative Commons CC BY 
license. 

The results are shown in Fig. 7. It shows a 3D shape of 
the hand (part a) and four images taken by micro computed 
tomography (µCT). As compared to conventional CT, µCT 
provides a better spatial resolution. Yet, the sample size is 
limited; a full human body or an entire mummy cannot be 
investigated. Fig. 7(b) and (c) show cross sections through 
the hand along the dashed lines shown in Fig. 7(a). Fig. 7(d) 
and (e) display magnifications of these images; the 
magnified areas are indicated by the dashed boxes in Fig. 
7(c) and (d). The colored lines in Fig. 7(d) and (e) indicate 
the layers which have been found using THz tomography 
(see [77]) for more details. These results agree well with 
the µCT. The results suggest that THz tomography imaging 
offers better depth resolution than conventional CT. The 
depth resolution is comparable to that of a micro-CT scan. 
Furthermore, THz measurements using the developed 
system have the advantage over µCT that comparably large 
samples can be scanned, which would not fit into a 
conventional µCT device. 

In addition, such a system was recently used to study the 
sub-surface structure of a wooden putto (wood carving of 
an infant) [78]. Delaminations of polychrome and 
preparation layers as well as damages on the wooden 
substrate due to insect tunneling could be detected. Hence, 
this technique enables the restorer to find hidden damages 

of the object that cannot be seen by visual inspection only. 
This is important as the climate changes and extreme 
temperatures lead to increased anobial infestation and mold 
growth in exposed sacred wood objects, which 
significantly reduce the wood's strength. 

Thus, in the future, simple, easily portable "hand-held 
devices" must be developed, which restorers and 
monument conservators can use on site according to 
restoration standards. Then it should be possible for the 
first time to evaluate and monitor the strength of bound 
cultural objects made of different types of wood in situ in a 
reproducible and digitized manner, without destroying or 
touching them. In particular, the high SNR of THz-TDS 
systems of more than 100 dB will be beneficial. The 
increase in SNR is closely related to the advancement in 
PCAs [79]. 

Overall, it can be expected that the technique of THz 
tomography will become more widespread in non-
destructive testing, for example, to determine the thickness 
of tablet coatings [80] or of paint layers [81]–[83]. This 
area will benefit greatly from the development of compact 
systems as described in the previous section. 

B. INTEGRATED NEARFIELD IMAGING SYSTEMS 
A far-field THz imaging system has a significant distance 
between the optical elements and the object, which results 
in about a half-wavelength resolution, which is in the 
millimeter range at THz frequencies [84]. Near-field 
imaging is essential for analyzing localized 
electromagnetic properties at microscopic or nanoscopic 
scales, demonstrating its importance. 

In general, THz near-field probing methods fall into two 
categories. The first method uses a THz-Near-field 
Scanning Optic Microscope (NSOM) system to measure 
evanescent waves emitted as a result of scattering due to 
sub-wavelength objects [85]. These methods are prevalent 
for nanoscopic imaging in the THz range. However, 
NSOM systems have a high system cost and low 
integration level that limit their use to laboratory 
environments and fundamental science fields. The second 
method uses “Active” probing where a near-field probe is 
brought in proximity to the sample, changing its energy 
distribution and stored energy according to the sample's 
dielectric properties. Subwavelength antennas such as 
small dipoles, open-ended waveguides, or other geometries 
can be used for these probes [86]. A major drawback of all 
these THz platforms is their high costs, low integration, and 
poor reliability when deploying in mass. As a result, THz 
applications require single-chip solutions that do not 
require complex microelectronic assembly. 

Initial demonstrations of nanoscale silicon-based THz 
imaging devices have overcome some of the above-
mentioned drawbacks by enhancing sensitivity and 
integration levels [87], [88]. More particularly, related 
advances were enabled by cointegrating the Split Ring 
Resonator (SRR) sub-wavelength near-field probe, a THz 
illumination source, and a THz detector on the same silicon 
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die into a single sensing pixel [87], [89]. This technology 
was further used for the development of a fully integrated 
128-pixel System-on-a-Chip (SoC) based on the capacitive 
interaction between on-chip split-ring resonators (SRRs) to 
deliver real-time super-resolution near field imaging of 
around 10 μm at 550 GHz [90]. This SoC was integrated on 
a chip scale using a parallel sensor excitation scheme using 
4-way power division networks and a rolling-shutter sensor 
readout architecture utilizing on-chip lock-in detection. 

The presented SoC offers a complete set of 
functionalities, including THz near-field sensing, analog 
signal conditioning, analog-to-digital conversion, and a 
digital communication interface. This SoC is also capable 
of acquiring rapid images of several mm2 objects, which 
require only a conventional USB port to work as a 
standalone device [90]. Specifically, the use of this SoC for 
imaging excised breast tissue was demonstrated as 
illustrated in Fig. 8(a) and (b). The analog readouts were 
measured at the test point (TP1) and the digital readouts 
were measured using on-chip lock-in amplification (LIA) 
and analog-to-digital conversions. In Fig. 8(b) a picture of 
the experimental setup can be seen. Fig. 9 (a) depicts an 
imaging result of the excised tissue obtained from 
histopathology. Fig. 9 (b) shows the image from the 
proposed near field imaging setup. The image clearly 
exhibits sufficiently high contrast and resolution to 
facilitate microscopic feature extraction. 

a) 

 
b)

FIGURE 8.  (a) Diagrammatic representation of 
characterization setup of the SoC [90]. An excised tissue 
sample is placed between two glass slides and is positioned 
above the sensing surface for the characterization of the 
sensor response. (b) Measurement setup for the tissue scan. 

Fig. 10 shows a qualitative comparison of the presented 
near-field imager with conventional THz NSOM methods. 
The proposed on-chip cointegration mitigates remote 

illumination and detection sensitivity problems in THz 
NSOM. Multi-pixel integration on a chip-scale further 
enables real-time, microscopic, THz imaging within 
seconds using unprecedented SNR. 

                   (a)                                        (b) 

FIGURE 9.  (a) Micrograph and (b) THz near field image of 
excised breast tissue. The raster scanning was done with 
100 ms of step time. 

Design challenges remain with large-scale integration of 
near-field 2D sensors. The 1D pixel geometry of the THz 
front-end presents significant spatial under-sampling due to 
the size of the oscillators and power distribution networks 
employed. Thus, new design methodologies and sensing 
concepts are required for 2D sensor integration.  

 
 

 

FIGURE 10.  Illustrative comparison between the THz near-
field sensor IC [90] and contemporary THz near-field 
technology. 

IV. BEAM STEERING SYSTEMS 
A beam steering system is capable of directing waves from 
a fixed source (or detector) to a target arbitrarily located 
within range. This technology is critical for THz waves that 
propagate in line of sight. Beam steering for THz wireless 
communications is associated with directive radiation to 
counterbalance relatively low source power and high free-
space path loss and therefore maximize SNR at the 
receiver. In the case of radar imaging with a single 
transceiver, beam steering is a part of near-field focusing 
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that aims to enhance image resolution for stand-off 
detection. A key to beamforming is to craft a suitable 
spatial phase response on a transmitting surface, while 
beam steering requires dynamic alteration of this phase 
response within 360 degrees with some tuning mechanism. 
A number of tuning mechanisms have been considered for 
THz beam steering. These include micro-electro-
mechanical systems (MEMS), phase change materials, 
liquid crystals among others. The pros and cons of these 
tuning mechanisms have been discussed in a review 
paper [91]. An overview of beamsteering techniques is also 
given in [92] focusing on the application of metasurfaces. 
A review of beamforming techniques for ultra-massive 
MIMO communications is presented in [93]. 

While beam steering is prevalent in the neighboring 
microwave and optical ranges, it is not possible to directly 
scale these existing techniques to the THz range. Here, 
three common approaches for beam steering implemented 
in the THz regime are discussed with some recent and 
representative realizations. Considerations are placed on 
efficiency and bandwidth that are most critical to THz 
applications. Bandwidth in direct proportion to depth or 
axial resolution in sensing, while supporting high data rate 
in communications. Other secondary factors of interest 
include steering angular range, steering speed, 
integrability, and structural complexity. 

A. PHASED ARRAYS 
The concept of a phased array has been long implemented 
in RADAR and more recently in LiDAR systems. In brief, 
an array of sources (or receivers) on a distributed network 
is equipped with an equal number of phase shifters to 
control the phase profile of the radiated waves. While phase 
shifters are available in the microwave and optical domains 
based on different technologies, there appears no 
counterparts that are as effective in the THz domain. 
Typically, varactor diodes are used in microwave and 
millimeter-wave phase shifters to vary distributed 
capacitance along a transmission line and therefore change 
the propagation constant. THz varactor diodes exist by 
scaling down the cross section of microwave varactors so 
as to reduce the overall capacitance. However, this practice 
gives rise to excessive parasitic ohmic loss, and the loss is 
further exacerbated by strong wave confinement in metallic 
transmission lines. In optics, beam steering is conducted 
via the electro-optic or the thermo-optic effect. The former 
is by changing the refractive index of a guiding element by 
an applied electric field, known as the Pockels effect. The 
latter alters the index by a heating element. However, it is 
not possible to inherit the same effects in the THz domain 
since the amount of phase shift scales with frequency, i.e., 
THz waves see much smaller phase shifts. Nevertheless, 
these technological roadblocks have been circumvented by 
different ingenious techniques. One approach is to 
decentralize the source into an array of oscillators 
collocated and codesigned with radiating elements, and 
controlling an oscillator condition results in a desirable 

phase profile. This technique was used in a SiGe BiCMOS 
realization at 340 GHz [94], for instance. While the 
approach is effective, the circuit complexity increases 
significantly, limiting large-array implementations. 
Another approach used a sparse array to reduce the 
complexity of electronic phase shifting, where grating 
lobes in the radiation pattern are subdued by the narrow 
beam of an auxiliary lens array [95]. 

Especially on the transmit side, a further possibility to 
realize a phased array or even a beamformer is based on 
optoelectronic generation of THz signals. By heterodyne 
detection (mixing two optical signals at a photodiode) a 
difference frequency signal at THz frequencies can be 
generated. The output current of the photodiode or 
photoconductive element then directly feeds the 
transmitting THz antenna. In this concept, phase-shifting 
and modulation of one of the optical signals is directly 
converted to the generated THz signal with the same 
amount of phase shift. As already mentioned, utilizing the 
electro-optical or thermo-optical effect, the phase of one of 
the optical signals can easily be shifted - and by a 
combination of couplers and phase shifters (Mach-Zehnder 
modulator) also the amplitude can be modulated. The 
optoelectronic approach has the advantage that the power 
of multiple THz transmitters can be combined to increase 
the power density into a certain direction. The 
optoelectronic approach can be applied for both concepts, 
beam steering and beam forming. 

 

FIGURE 11.  Phase control concept for a photonically steered 
THz phased array transmitter according to [99]. 

An early experiment of photonic beamforming at 85 
GHz has been presented in [96]. Different photonic 
beamforming concepts have been analyzed theoretically 
with respect to their power budget [97]. An overview of 
optoelectronically assisted beamforming including an 
integrated optical beamforming network (OBFN) chip has 
been given in [98]. Even in an integrated photonic circuit, 
phase drift of optical waves cannot be completely avoided, 
but can be compensated by a phase control concept [99], 
see Fig. 11. Using four laser diodes, THz signals with 
frequency fTHz as well as a microwave signals with 
frequency fref are created. It can be shown that in this four 
antenna beam steering system, the THz signals and the 
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microwave signals have the same phase relations so that the 
microwave signals can be used for phase control of the THz 
transmit signal. 

B. BEAM STEERING WITH PLANAR AND PASSIVE 
SYSTEMS 
Beam steering can be conducted by planar and passive 
components including the groups of reflectarrays, 
transmitarrays, and leaky-wave antennas (LWAs). In 
nearly all these cases, there are no active tuning 
components, and steering relies on frequency-to-angular 
mapping or beam squint as a result of fixed phase shift with 
respect to frequency. Consequently, the bandwidth 
becomes dependent on distance. By sweeping frequency, 
the beam direction can vary to scan a target, mostly in one 
direction. However, the relatively small bandwidth of these 
concepts significantly reduces the achievable radial 
position resolution of radar systems. Benefits of these 
platforms lie in simplicity and efficiency, and they can be 
retrofittable to a wide range of sources and detectors. 

Specifically, the groups of reflectarrays and 
transmitarrays with their long history in the microwave 
domain are known in the modern context as 
metasurfaces [100]. These passive arrays are fed from free 
space by a source located in proximity, and as such 
compromising compactness. Every subwavelength element 
on the surface, as shown in Fig. 12(a), collectively imposes 
a pre-designed phase profile to form an outgoing beam in 
reflection or transmission for a reflectarray or a 
transmitarray, respectively. While the two types of arrays 
are closely related, transmitarrays are more integrable to 
portable systems due to direct alignment with antennas. In 
any case, the main origin of the losses is from a dielectric 
material used to support the array [100]. To mitigate the 
issue, cyclo-olefin copolymer (COC) that has exceptional 
low loss for THz waves has been used in fabrication of 
these arrays [101]. The concept of passive arrays have 
received renewed interest in the form of ‘reconfigurable 
intelligent surfaces (RIS) [102] to perform active beam 
steering for 6G communications. A prominent example is 
a reconfigurable transmitarray operated at 300 GHz [103]. 
This CMOS-based array can reconfigure its scattering 
element to achieve phase variation of 360 degrees, 
sufficient to form different beam patterns. 

 

FIGURE 12.  Planar scanning system. (a) Reflectarray 
exhibiting beam squint around 1 THz [104]. (b) Slow-wave LWA 
performing spatial scanning by means of beam squint [105]. 

Reflectarrays can also be based on MEMS which are 
used to control the position of a large number of small 
mirrors. A well-known concept for the positions is that of 

a periodic blazed grating with sawtooth-shaped mirror 
positions where the approximate specular reflection 
coincides with the first order diffraction maximum. It has 
the advantage of creating high gain into the desired 
direction but suffers from large grating sidelobes of the 
beam pattern. In [106] it could be shown that sidelobes can 
be avoided by optimizing all mirror positions by a suitable 
optimization algorithm. The resulting optimum mirror 
positions are not periodic anymore and show only locally a 
sawtooth-shaped distribution, see Fig. 13. 

 

FIGURE 13. Mock-up of an adjustable reflectarray with 80 
static reflectors of dimensions 300 µm x 5000 µm with 
optimized mirror positions according to [106]. 

On the other hand, LWAs are more integrated since they 
are in the form of waveguides directly coupled to a source 
or detector. Both slow-wave and fast-wave LWAs have 
been implemented at THz frequencies, mostly through 
microstrip lines and parallel-plate waveguides, 
respectively. Its beam scanning enabled by frequency 
sweeping was used to demonstrate radar imaging with an 
example structure shown in Fig. 12(b) [105], [107]. Some 
other demonstrations used such THz LWAs for wireless 
communications [108], [109], but this encountered angle-
dependent frequency & bandwidth use. One demonstration 
creatively used a fast-wave LWA for frequency 
(de)multiplexing in THz wireless communications [110]. 
In this case, a parallel-plate waveguide combined, guided, 
and separated two carrier frequencies with an aggregate 
data rate of 50 Gbit/s. 

C. MECHANICAL SCANNING SYSTEMS 
Mechanical beam scanning is a popular and diverse in 
technique for THz beam steering. It involves moving 
elements such as step motors or piezoelectric materials to 
manipulate a THz beam. With mechanical movement, 
indeed the scanning speed is expectedly conservative, 
around kilohertz at best, but this serves the purposes for 
both communications to track a receiver and radar imaging 
to raster-scan a target. Most realizations involve reflective 
or transmissive optics that provide true time delay and as 
such truly broadband. While the technique is apparently 
straightforward, precise control of the moving mechanics 
is a challenge in light of THz wavelengths in the sub-
millimeter range. Among a great deal of realizations, here 
some representative ones are discussed. One early 
implementation shown in Fig. 14(a) involved a Gregorian 
reflector system for active imaging via frequency-
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modulated continuous-wave (FMCW) radar at around 300 
GHz [111]. In that reflector chain, one flat mirror enabled 
target scanning via its two axes of movement and achieved 
2 frames per second for a whole human body at 8 meters 
away. 

 

FIGURE 14.  Mechanical scanning systems. (a) Gregorian 
optics for body scanning at 300 GHz [111]. A mirror moved in 
two axes for beam steering. (b) Parallel-waveguide-enabled 
Luneburg lens at 300 GHz. 1D beam steering was achieved by 
titling one plate [112]. 

Another 300 GHz FMCW body scanning system from 
RIKEN exploited human walking to scan across the body, 
while vertical scanning was by means of a Galvano 
scanner [113]. Some recent implementations were based on 
optical techniques involving lenses or prisms. The former 
case used a Gimbal mirror for two axes of scanning in 
coordination with a telecentric f-𝜃 lens that focuses an 
oblique incident beam onto a target at normal 
incidence [114]. In the other case, Risley prisms were 3D-
printed to operate at around 300 GHz [115]. The output 

Bessel beam was steered in both azimuthal and elevation 
axes by rotating the two prisms. The bandwidth was limited 
due to phase wrapping to reduce material loss in those 
prisms. An unconventional case in Fig. 14(b) involved a 
Luneburg lens made of a parallel-plate waveguide with 
spatially varying separation to control local modal index of 
the TE1 mode around 300 GHz [112]. Tilting of one plate 
resulted in beam deflection in 1D with a bandwidth 
> 20 GHz, limited by the dispersion and mode cutoff. 

D. COMPARISION AND OUTLOOK 
Up to this point, multiple techniques applicable to 
beamsteering for terahertz waves have been discussed. 
They are either drawn from microwave techniques or optics 
with pros and cons. Phased arrays are prominent in their 
integrability, while transmitarrays, reflectarrays, and 
LWAs are simple and with large aperture. Mechanical 
steering comes with superb bandwidth and efficiency with 
drawbacks in integrability and speed. Table 1 summarizes 
prominent features of these techniques. Nonetheless, it is 
arguable to judge an all-rounded winner, which depends 
very much on the task at hand. At this point in time, 
beamsteering for terahertz waves is relatively new and 
there is room for improvement in all these techniques with 
a prime focus in efficiency and bandwidth. Especially 
phased arrays and similar approaches with their potential 
of being highly integrated and the advantage that multiple 
terahertz sources increase the output power exhibit long-
term advantages.

Table 1. Comparison of beamsteering techniques. This comparison is generic and does not capture outliers that may 
perform better or worse in some factors. 
 

 Phased arrays Transmitarrays & 
reflectarrays 

Leaky-wave 
antennas 

Mechanical steering 

Efficiency Low-medium High Medium-high Very high 
Bandwidth Medium Low Low Very high 
Speed Very high Medium-high High Low 
Integrability Very high Low High Low 
Complexity Very high Medium Medium Low 
Aperture size Small Large Medium Very large 
Retrofittability Not possible Yes Yes Yes 

V. COMMUNICATION SYSTEMS 
First ideas on THz communications, covering the spectrum 
range beyond 100 GHz, have been published between 2007 
and 2011 [112], [116], [117]. Due to the large amount of 
available spectrum –especially beyond 275 GHz – it is 
possible to achieve data rates of 100 Gbit/s and beyond 
with transmission systems of moderate spectral 
efficiencies. A major drawback of these high frequencies is 
the high path loss, which must be mitigated by using high-
gain antennas in combination with line-of-sight (LOS) or 
obstructed line-of-sight (OLOS). In OLOS a 
communication link is established via a single reflection or 
scattering process. Challenges coming with high-gain 

antennas are amongst others the device discovery during 
link set-up and the beam-tracking in case of at least one 
mobile transceiver. The frequency range of interest also 
covers the so-called THz gap, where both electronic and 
photonic approaches are suffering from (the same) low 
output powers when generating the THz signals. On the 
other hand this allows also two principal approaches to 
generate THz signals.  Hence, from the very beginning of 
developing THz communication systems, the scientific 
community have worked towards the realization of both 
photonic [118] and electronic [119] transmitters. 

A. STANDARDISATION AND REGULATION 
In the most recent years THz communications has been no 
longer a pure research topic but has reached already 
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standardization bodies. In 2017 IEEE Std 802.15.3d, the 
first wireless standard operating in the frequency range 
252-325 GHz, has been published by IEEE 802 [120]. This 
first standard assumes fixed point-to-point links covering 
applications like intra-device communication, kiosk down 
loading, wireless links in data centers and 
backhaul/fronthaul links [121]. All these applications have 
in common, that the positions of the high-gain antennas at 
both ends of the link are known avoiding complex device 
discovery and beam tracking procedures. Nowadays THz 
communications is seen as a potential candidate for one of 
the PHY layers in the 6th generation of wireless 
communication systems. For example, the 6G flagship 
project mentions in its white paper [122] that THz 
communications is an enabler to achieve wireless data rates 
of 1 Tbps. This may trigger future standardization activities 
at the 3rd Generation Partnership Project (3GPP). 

In 2019 the world radiocommunication conference 
(WRC 19) has identified 137 GHz spectrum in the 
frequency range between 275 and 450 GHz for mobile and 
fixed service [123], [124]. This was enabled by intense 
sharing studies with passive services like earth exploration 
satellite service and radio astronomy proceeding WRC 19. 
Together with the already allocated 23 GHz between 252 
and 275 GHz a total of 160 GHz of spectrum is now 
available for THz communications between 252 and 450 
GHz. 

B. FWA DEMONSTRATIONS 
In the last decade various hardware demonstrators have 
proven the feasibility of THz communication 
systems [119], [125]–[128]. This non-exhaustive list 
includes a world’s first demonstrations of a wireless 
transmission of 100 Gbit/s over 100 m using a hybrid 
photonic/electronic approach [125], a testbed with an 
antenna array for electronic beam steering [126] and an 
outdoor transmission for backhaul applications [127]. 
Recently, Samsung and University of California have 
presented an end-to-end 6G THz wireless platform with 
adaptive transmit and receive beamforming at a carrier 
frequency of 135 GHz [129]. LG and Fraunhofer HHI have 
successfully tested wireless transmission and reception at a 
frequency range of 155 to 175 GHz over a distance of 320 
meters outdoors [130]. Most of these early demonstrators 
are based on the more expensive III-V technology, but also 
systems based on SiGe [128] and CMOS [131] have been 
successfully demonstrated.  

While the hardware demonstrators mentioned above are 
all based on laboratory equipment like arbitrary waveform 
generators (AWG) and fast digital oscilloscopes to generate 
and receive the signal, the Horizon 2020 EU-Japan project 
ThoR has successfully demonstrated a 300 GHz bi-
directional wireless backhaul link. With the ThoR link real 
data with a net data rate of 2x20 Gbit/s connecting two 
buildings separated by 160m, see Fig. 15, using a 
bandwidth of 8.64 GHz has been successfully 
demonstrated [132]. The ThoR solution is based on a 

super-heterodyne approach and provides a quasi-compliant 
solution with IEEE Std 802.15.3d-2017 [133], [134]. 

 

FIGURE 15.  300 GHz ThoR link connecting two buildings at 
the campus of TU Braunschweig. 

C. MOBILE 6G THz COMMUNICATIONS 
The deployment of 5G has been an exciting moment for 
operators across the globe to enhance their services and 
offerings. While many operators first rolled out non-
standalone (NSA) 5G (3GPP Release 15) [135], which 
basically employs the 5G new radio (NR) radio access 
network (RAN) overlaid on an existing 4G LTE network 
core [136], the deployment of standalone 5G (SA 5G) is 
now at focus. This will allow operators to fully exploit all 
the benefits 5G offers. Nevertheless, despite this success, 
6G has already kicked-off and one of the candidate 
technologies for a 6G radio access technology (RAT) is 
THz communications, which uses spectrum mainly beyond 
275 GHz as discussed in section V.A. 

This would open the use of channel bandwidths of 
several 10s of GHz for eventually reaching cell capacities 
exceeding 100 Gbit/s. Among other aspects, mobile 6G 
THz technology requires multi-beam steering and tracking 
to serve multiple users as shown in Fig. 16. 

 

FIGURE 16.  Potential short-range 6G use cases. 

A key research challenge in this regard is the invention 
of highly integrated, steerable directive THz antennas to 
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overcome the high free-space THz path loss. Consequently, 
several THz beam steering concepts have been proposed 
and studied [136]. Among them are conventional 
approaches including mechanical scanning 
technology [137], MEMS technology [138], and multi-
feed switching [139]. Electrical phased-array technology is 
a well-developed solution to achieve beam steering at 
microwave frequencies [140] but when operating at THz 
frequencies, the high losses of semiconductor switches and 
other constrains limit its applicability. Therefore, 
alternative solutions were studied to overcome this 
drawback by modifying the phase before the frequency is 
converted to THz waves. A promising solution in that 
context which also could provide reasonable signal 
bandwidths for high data-rate THz communications are 
optical phase shifter [141]. For chip-integrated electronics, 
the perhaps most common and reliable approach is using 
CMOS based beamforming transceivers due to their 
scalability and cost [129], [142]. To reach longer wireless 
distances, the use of InP power amplifiers (PA) also may 
prove beneficial [143]. In [142], a 140 GHz over-the-air 
link supporting 16 Gbps over 30 cm was achieved using a 
CMOS chip with on-chip antennas. The chip enabled 1-D 
beam steering with a steering angle of ±30°. In 2022 
Samsung reported 22 nm CMOS transmitter (with an InP 
PA for longer distance) and receiver RFICs at 135 GHz for 
an end-to-end 6G THz platform [129]. In this work, 
adaptive beamforming for 6.3 Gbps at 30 meter and 2.3 
Gbps at 120 meter wireless distance was successfully 
demonstrated. 

An alternative approach which benefits from its 
simplicity is to exploit frequency-scanning antenna such as 
leaky-wave antennas (LWA) for 6G THz communications. 
In a THz LWA, the phase shift between the array elements 
with a fixed interelement spacing is usually provided by 
changing the THz carrier frequency. This concept requires 
frequency tunable THz oscillators and frequency-
independent THz receiver. In [144]–[146], optical 
heterodyning is employed for frequency-tunable THz 
generation and frequency independent single-chip 
Schottky barrier diode (SBD) detectors in combination 
with an IF modulation scheme for separating in-phase and 
quadrature components. 

Here, 100 Gbit/s wireless transmission with spectral 
efficiencies reaching 9 bit/s/Hz (512-QAM-OFDM) is 
demonstrated for the 60 GHz ISM band. In [147], 100 
Gbit/s wireless THz transmission is demonstrated at 300 
GHz using an analog bandwidth of only 12.5 GHz. By 
using a photodiode excited planar InP-based on-chip THz 
LWA, mobile THz communications is demonstrated for the 
first time in [148]. For single user operation, a minimum 
data rate of 24 Gbit/s is achieved within the antenna’s 
scanning range of 33°. The scanning speed of 28°/s allows 
to steer the THz beam over the full scanning range within 
less than 1.2 seconds. Also, multi-user operation is 
theoretically studied, showing that up to 12 users with a 
total capacity of 48 Gbps can be supported. 

 

FIGURE 17.  Simulated (a) and measured (b) far field THz 
radiation patterns using a beam steering antenna fabricated at 
University Duisburg-Essen [108]. 

D. FUTURE DEVELOPMENTS 
Future development will focus on applications with strong 
mobility involved, e.g. trains [149] or cars [150] requiring 
significant scientific progress on device discovery, 2D THz 
beam steering and beam tracking. Automotive applications 
include both communication and radar systems. For the 
latter the frequency range beyond 300 GHz is also of 
interest due to the large available bandwidths enabling a 
high resolution. Such a combined radar/communication 
application may be part of future Joint Communication and 
Sensing (JCS) [151] concepts in 6G. 

VI. LOCALIZATION SYSTEMS 
Accurate indoor localization based on asynchronous and 
low-complexity infrastructure has recently gained great 
prominence for smart-world emerging applications like 
simultaneous localization and mapping (SLAM) systems 
and synthetic aperture radar (SAR) [152]–[154]. As an 
example, sub-mm accuracy localization is required for 
SAR applications in order to realize indoor room profiling 
with sub-mm resolution [155], [156]. Recalling Cramér–
Rao bound, sub-mm localization accuracy could be 
achieved using the huge offered bandwidth at THz 
band [157], which is not available at other frequency bands. 
In this regard, chipless radio frequency identification 
(RFID) systems [158] acting as a low-complexity 
infrastructure has been widely considered in indoor 
localization systems, as presented in [159]. From another 
point of view, the THz band becomes a key enabler for 
localization aided applications, since it provides 
localization systems with a superior time-resolution 
leading to high accuracy location estimation [160], [161]. 
The fusion of the THz band along with chipless RFID 
localization systems is proposed in [162] to achieve high-
accuracy self-localization in indoor environments based on 
an unsynchronized passive and hence energy-autonomous 
infrastructure. 
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A. UNSYNCHRONIZED LOW COMPLEXITY 
INFRASTRUCTURE 
 

Passive and chipless tags to act as anchors are considered 
as infrastructure for indoor self-localization systems [162], 
[163]. These tags are considered energy-autonomous 
infrastructure since the energy of the tags is drawn from the 
incident signals from the reader without a need for external 
power source (or battery) to operate. 

Many solutions to tag design at mm-wave and THz 
bands are proposed in the literature [162]–[167] in order to 
mainly improve the coding capacity, the tag retro-
directivity, and/or clutter suppression capability [164]. In 
this regards, different coding particles are combined with 
different retroreflectors (like lenses and corner reflectors) 
to achieve high retro-directive tags, while different coding 
particles are used like dielectric resonators (DR), frequency 
selective surfaces (FSS), and photonic crystals. For clutter 
suppression, many techniques are employed like twisting 
the polarization as proposed in [168]. In the following 
some examples of combining the DR as a coding particle 
with different retro-reflectors are shown. 

Combinations between DR and a dielectric lens are 
proposed in [162], [164]–[166] to boost the radar cross 
section (RCS) of the chipless tag and attain a wide-
retrodirective angle. In these combinations, the interrogator 
incident signals from the reader are collected by the lens 
aperture and concentrated into a DR, that is placed at the 
focal area behind the lens surface acting as a receiving 
antenna. Consequentially, the resonant modes of the DR 
are excited proportionally to lens antenna gain, and then the 
DR reflects the incident signal through the mode radiation 
patterns which couples part of the signal back into the lens, 
providing gain as in a transmit lens antenna [164], [165]. 
Fig. 18 presents a realized DR-lens combination with the 
measured reflection coefficient S11. It is clearly noted that 
the RCS resonance peak, i.e. proportional to S11, increased 
by about 30 dB over the response compared to a single 
spherical DR [164]. 

 

FIGURE 18.  Combination of a dielectric lens (6 mm dia. from 
Polyamid) with two DR of 0.5 mm diameter glued (product 
name UHU POR) to a paper-ring around the lens with 
measured RCS spectral signature compared to signature of 
single DR; DUTs placed in 36 cm distance to horn antenna.  

The design in Fig.18 can be further improved by 
locating more DRs along the focal circle in order to extend 
the DR-lend combination coverage over a wide range of 
incident angle as proposed in [162], [164], [166]. 

Moreover, larger spherical Luneburg lenses is proposed 
in [169] to gain higher RCS. 

An attractive alternative design is to attach a DR array 
to a trihedral corner reflector surface as shown in Fig. 19, 
where a planar array of DRs with a triangular shape is 
attached to a triangular opening of the corner 
reflector [164], [167]. The tag ID is observed as a notch, 
instead of a peak, in the broadband high-level RCS 
signature of the metal reflectors. This behavior results due 
to the scattering by the DRs and not absorption. This design 
produces high RCS over a wide range of incidence angle 
and provides clear identification by the notch position in its 
spectral signature. The presented tags can be realized at 
higher THz frequencies by reducing the size of the DRs. 
Reducing the size would lead to challenges in fabrication 
which can be encountered either by using high-resolution 
3D printing [170] or by using photonic crystals that are 
easier to realize at those frequencies [171]. 

 

FIGURE 19. Trihedral corner reflector of 68mm edge length 
with planar array of 158 DRs of 0.6 mm diameter in a 2.5 mm 
grid fixed to the corner reflector aperture. Measured RCS 
spectral signatures for incident angle from 0° to 40° with 
signature of the reflector without DR array (full line) for 
comparison; DUT placed in 2 m distance to horn antenna  

Apart from innovating RFID tags that are originally 
used for indoor self-localization systems presented here, 
there is an increasing interest in building THz tags for the 
so-called THz identification (THID). THID is still in the 
early research stages where few numbers of THz tags are 
reported in the literature. In [172], the authors demonstrate 
a 1D photonic crystal resonator as the first THz tag where 
the coding is performed in volume instead of the surface. 
In [173], spatial and frequency coding is realized using a 
2D PhC resonator. Very recently, the smallest THz tag was 
proposed in [174] based on CMOS technology. In addition, 
barcode identification systems are developed for the THz 
region as in [175], [176]. 

B. RFID BASED INDOOR THZ SELF-LOCALIZATION 
SYSTEMS 
 

In this system, a smart object equipped with an RFID reader 
is enabled to localize itself by measuring the backscattered 
signals obtained from the reference nodes, i.e. chipless tags 
with known positions as infrastructure [162], [163]. 
Ranging based on roundtrip time-of-flight (RToF) is 
carried out using the measured backscattered 
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measurements, and thereafter position can be estimated. 
RToF based localization is considered at THz frequency 
region in order to achieve the targeted extremely high 
localization accuracy, since the available extreme 
bandwidth offers higher resolution of RToF estimation. 
Unlike time-based localization in forward-channel systems 
which requires synchronization between the node and the 
anchors, RToF based chipless RFID localization offers a 
great advantage, where RToF ranging utilizes the reader 
clock and thus does not require clock synchronization 
between the reader and the tags. 

It is shown in [162] the feasibility that RFID based 
indoor THz self-localization system operated at 100 GHz 
can achieve sub-mm localization accuracies at several 
meter read range, where the localization accuracy is 
improved as the bandwidth of the pulse is increased due to 
higher resolution of RToF estimation. This system is 
validated experimentally at microwave frequencies as 
implemented in [163] under real environments, where the 
feasibility of the localization system is approved by 
achieving a higher accuracy within a larger area compared 
to [159], [177] and references therein. 

In [178], effective placement of chipless tags within the 
indoor environment is proposed to guarantee maximal 
connectivity between the object and the infrastructure, 
while considering the system constraints such as: room 
dimensions, maximum range, tag antenna pattern and its 
retro-directivity, and link budgets. This algorithm attains 
the connection at 99% confidence between the object and 
the required reference chipless tags for self-localization at 
any location in the indoor environment. 

 

FIGURE 20.  Measurements setup and magnitude of measured 
S11 in dB for long reading range compared to the noise level 
achieved by the VNA. 

The coverage of RFID backscatter channel at THz band 
is studied in [162], [178], where the link budget is 
investigated considering retro-directivity of the chipless 
tag, THz molecular absorption in addition to the inherent 
RFID forward and backward path loss. In the 
aforementioned works, the distance-dependent spectral 
windows that are feasible for RFID-based localization are 
characterized. The coverage is validated in [178] for a 
corner reflector based tag, i.e. shown in Fig. 19, placed at 
around 18.5 m from the horn antenna opening as shown in 
Fig. 20. It is clearly noted from Fig. 20, which shows also 
the measured magnitude of S11 compared to the noise level, 

that the frequency code of the tag represented by the 
resonance notch can be detected, and a high reflection level 
from the tag outside the notch is obtained. This level is 
measured about 12 dB above the noise level. Moreover, the 
notch has about 25 dB depth, which allows the notch 
detection at the reader. 

C. FUTURE DIRECTIONS 
To better exploit the opportunities offered by the THz band 
for localization systems, many issues and challenges must 
be considered. More accurate channel modeling is needed 
that takes into account THz specific problems. Self-
interference (SI) from the transmitter to the receiver in the 
backscattered channel must be considered. In addition, 
many sources of interference can affect the localization 
performance, such as reflections from nearby unwanted 
objects and the reflected signals from multilayer structures. 
In addition, the development of THz tags with 
identification is crucial to achieve better localization 
coverage. Extending localization algorithms for tracking is 
crucial for SLAM applications. Moreover, cooperative 
algorithms between localization and SAR could be used to 
improve localization accuracy. 

VII. CONCLUSION 
The field of THz waves has evolved from a basic-science-
oriented field to an application-oriented field. In this paper, 
the advances in the performance and miniaturization of 
time-domain spectroscopy systems are presented. An 
important aspect is the choice of laser source. While current 
commercial THz-TDS systems use low repetition rate fiber 
lasers, future more compact systems may be based on 
model-docked high repetition rate semiconductor lasers or 
superluminescent diodes. 

Over the past decade, the sensitivity of THz imaging 
systems has also improved significantly. In particular, more 
efficient photoconductive antennas have improved the 
dynamic range by about 40 dB. In addition, near-field 
imaging systems have also advanced significantly. A fully 
integrated 128-pixel system-on-a-chip shows a resolution 
of 10 µm at 550 GHz. Unlike a THz near-field scanning 
microscope, the integrated near-field imaging system does 
not require a precision mechanical positioning element. 

Depending on the application, different beam 
steering/beam shaping concepts have been developed. In 
the case of phased arrays, optoelectronic beam steering 
with multiple THz sources has the advantage of providing 
much greater transmit power. A very simple and 
inexpensive beamformer is a leaky wave antenna, in which 
the direction of the transmitted beam is adjusted by 
changing the carrier frequency. 

In terms of fixed wireless access, THz communication 
systems have demonstrated 100 Gbit/s wireless 
transmission over a distance of 100 m. Similar cell 
capacities are being targeted for 6G THz mobile 
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communications, where the leaky wave beamforming 
concept appears to be very attractive. 

In the area of localization, a low-complexity passive and 
chipless system based on frequency-selective dielectric 
resonator tags used as anchors for indoor infrastructure is 
proposed. Using multiple resonators with different 
resonant frequencies per tag, the tags can be uniquely 
identified by the interrogation system. 
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