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Abstract—This paper provides a brief overview on THz
communications and subsequently focuses on the application
of 300 GHz backhaul and fronthaul links. The fundamentals,
planning and software simulation approaches as well as the
realized bi-directional 300 GHz demonstrator built within the
Horizon 2020 joint EU-Japan project ThoR are described.
The ThoR demonstrator uses off-the-shelf modems for network
connections and baseband processing, RF front-ends based on
InGaAs mHEMT technology and a spurious-free/low-phase noise
photonic solution for LO generation. With the ThoR set-up a net
data rate of 2x20 Gbps over a distance of 150 m using a total
instantaneous bandwidth of 8.64 GHz has been demonstrated. It
is also shown that the IEEE Std 802.15.3-2023 protocol works
correctly for this application.

Index Terms—THz Communications, Backhaul Links, Demon-
stration, IEEE Std 802.15.3-2023

I. INTRODUCTION

THz communications have been a subject of research for
several decades. It is seen as a means to realize transmission
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of several 10s of Gbps with the potential to achieve 1Tbps
[1] using spectrum beyond 275GHz, where currently no
spectrum allocation exists. Early concepts were published by
Piesiewicz et al [2] in 2007 and by Kleine-Ostmann and
Nagatsuma in 2011 [3]. The main focus in research on
THz communications has been on carrier frequencies around
300 GHz using both photonic and electronic means to generate
and detect THz signals [1]. Since then the development of
semiconductor technology has evolved enabling a significant
number of hardware demonstrations in laboratory environ-
ments. For example Koenig et. al demonstrated in 2013 [4]
a wireless data transmission of 100 Gbps over a distance of
20m, which marked a world record at that time. Electronic
beam-steering at 300 GHz was demonstrated in 2016 within
the German project TERAPAN ("THz Communications for
the Next Generation of Wireless Personal Area Networks™) [5].
Due to the harsh propagation conditions at around 300 GHz,
see e.g. [2], high-gain antenna concepts are required favouring
applications with fixed antenna directions at both ends of the
link. These conditions can be found in wireless fronthaul or
backhaul links connecting base stations in cellular networks.
Wireless links for backhaul/fronthaul wireless connections
might be required in ultra-dense fifth and sixth generation
(5G/6G) cellular networks in order to meet the explosive
growth of mobile traffic. Initial demonstrations of backhaul
links operating at 240 GHz and beyond have been reported
for example by Kallfass et al [6] in 2017 and Castro et
al [7] in 2020. In parallel to advances in semiconductor
technologies, IEEE 802 published a first wireless standard
targeting fixed point-to-point applications around 300 GHz in
2017 [8]. These developments set the scene for building the
first bi-directional 300 GHz backhaul demonstrator enabling
the transmission of real data [9] within the Horizon 2020
joint EU-Japan project ThoR (“TeraHertz end-to-end wireless
systems supporting ultra-high data Rate applications™). This
paper focuses on the application of 300 GHz backhaul links.
The paper includes both a survey on the background and basics
for THz communications in general and THz backhaul links
specifically and elaborates on the novel aspects covered by
the ThoR demonstrator. The latter comprises especially phase
noise aspects of the photonic LO and the demonstrator itself
as well as the results achieved with the ThoR demonstrator.
While state-of-the-art demonstrators have been using labora-
tory equipment, the ThoR demonstrator aims at demonstrating
for the first time a bi-directional full end-to-end demonstration
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with real-time-capable transparent transmission of Ethernet
data of a 300-GHz P2P (point-to-point) link with a real-world-
relevant link distance in excess of 100 m. The remaining part
of the document is structured as follows: Section II will give a
brief overview of the status of regulation and standardization
followed by a brief description of the relevant propagation
phenomena in section III. Methods to characterize the required
antennas are described in the subsequent section IV. Section
V introduces the RF hardware technology used in ThoR and
section VI includes the simulation and planning aspects of
300 GHz backhaul links. The demonstrator set-up and the
results are provided in section VII. Conclusions and a brief
outlook to ongoing and future activities are given in Section
VIII

II. THZ REGULATION AND STANDARDS

The global operation of wireless communication systems
requires (1) the availability of spectrum and (2) the existence
of wireless standards.

The availability of spectrum is ruled by the Radio Regula-
tions, which are revised about every four years at the World
Radiocommunications Conference (WRC). As a result of
WRC-19, the 2020 edition of the Radio Regulations (RR) [10]
includes 160 GHz of spectrum which has been either allocated
(252 GHz-275 GHz) or identified (a total of 137 GHz between
275 GHz and 450 GHz) for the use by mobile and fixed service,
which are the ITU-R (International Telecommunications Union
Radio Communications Sector) services relevant for THz
communications. Another 33 GHz of spectrum between 296
and 368 GHz, have not been identified for the use by mobile
and fixed service and might be used under strict conditions
discussed in footnote FN 5.656 of the RR. As a result of
the WRC-23 [11] agenda items for the WRC-27 and WRC-
31 relevant for THz communications have been decided. At
WRC-27 the allocation and identification of spectrum for radio
location service, which includes also radar applications, will
be discussed. This will touch on THz communications by
the requirement to perform sharing studies and by the fact
that joint sensing and communication applications are also
discussed [12] in the context of THz, integrating for example
communications and radar. At WRC-31 the allocation of spec-
trum between 275 and 325 GHz for all services of interest for
this frequency band will be discussed. A more detailed study
on the regulatory situation for all spectrum above 100 GHz
has been made by the ETSI (European Telecommunications
Standards Institute) Industry Specification Group (ISG) THz
[13].

IEEE Std 802.15.3d-2017 [8] is the first wireless standard
for carrier frequencies between 252 and 321 GHz targeting
fixed wireless applications. The standard defines eight different
bandwidths between 2.16 GHz and 69.12 GHz, all of them
multiples of 2.16 GHz. Furthermore, six single carrier mod-
ulation schemes plus OOK (On-Off Keying) modulation and
three forward error correction schemes have been defined. A
brief overview of the basic features can be found, for example,
in [14]. In 2023, the revised standard IEEE 802.15.3-2023 [15]
was approved. The new features of the revised standard are the

extension of carrier frequencies, including now all spectrum
up to 450GHz identified by WRC-19, to new Amplitude-
Phase Shift Keying (APSK) modulation schemes as well as
a long RIFS (Retransmisison Interframe Spacing), which is is
required to enable the operation of longer distances between
the two receivers. The minimum time interval between the
retransmission of packets is determined by the round-trip time
between transmitter and receiver. In IEEE Std 802.15.3e-2017
the targeted application assumed short distances with a few
centimeters with RIFS covering only the corresponding short
round-trip delay, up to several tens of meters at most. To
enable operation with distances between Tx and Rx of up
to 10 km an optional long version of the RIFS ahs been
introduced. The latter changes have been triggered by findings
in ThoR and were implemented in the chipset used in the
ThoR demonstrations, which therefore complies with IEEE
Std 802.15.3-2023, although it was performed back in 2022.

THz communications are now also seen as a potential
component of and might be part of standardization activities
in 3GPP (3rd Partnership Project). This has trigged pre-
standardisation activities at ETSI, which has established the
ETSI ISG THz [16]. One of the first outcomes of these
activities is a group report on the “Identification of Use
Cases for THz Communication Systems” [17], which covers
nineteen different use cases that can be supported by THz
communications and sensing systems and includes also a
summary of requirements for these use cases.

III. THE THZ PROPAGATION CHANNEL

The properties of the propagation channel at THz frequen-
cies differ significantly from the channel at lower frequencies.
The phenomena that are of particular interest are the following:

o The free space path loss according to the Friis equation is
high, resulting for example in 122 dB for a link distance
of 100m at 300 GHz. In order to mitigate this high path
loss, high-gain antennas are required.

« Atmospheric attenuation due to gaseous absorption, water
vapour, or precipitation causes additional loss especially
for longer distances [18]. This makes 300 GHz backhaul
links sensitive to weather conditions [19] [20], [21]. In
particular, attenuation due to heavy rainfall, which may
even cause line disconnections during local downpours,
needs to be taken into account in the design of wireless
links.

e The high diffraction loss observed at THz frequencies
requires the existence of a line-of-sight connection be-
tween both ends of the link, or so-called obstructed line-
of-sight (OLOS) where the communication takes places
via reflection or scattering [2].

¢ In the design of 300 GHz band wireless links, reflec-
tions may occur or might be even required to enable
OLOS links. Therefore experimental data on reflectance
and transmittance of building materials in the 300 GHz
band is required. In [22], e.g., terahertz time-domain
spectroscopy (THz-TDS) has been applied to obtain the
complex permittivity of building materials, glass, con-
crete and granite from 200 to 500 GHz. This data can be
used in simulations, see e.g. Section VI
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o The small wavelength, less than 1 mm for carrier frequen-
cies beyond 300 GHz, causes significant scattering due to
surface roughness [23]. A recent measurement campaign
on a large number of building materials including rough
surfaces and layer materials has been published by Taleb
et al in 2023 [24].

A good overview of relevant propagation phenomena, their
characterization by measurements as well as channel and
propagation models and their application to complex envi-
ronments can be found for example in [1],[25]. For backhaul
applications the effect of atmospheric attenuation is the most
relevant one. A detailed analysis of this effect related to the
actual demonstration is included in section VII.

IV. THZ ANTENNAS AND THEIR CHARACTERISATION

Antennas with a high gain of approximately 40—50 dBi are
being considered for use in THz backhaul/fronthaul applica-
tions to overcome the large propagation loss. The radiation
pattern characterization is required not only for the link design
but also for the frequency sharing with other applications.
The methods of antenna radiation pattern characterization can
be broadly classified into three: direct far-field measurement
(FFM), compact antenna test range (CATR), and near-field
measurement (NFM) [26]. The FF region is inversely propor-
tional to the wavelength. The CATR is a method for obtain-
ing the far-field pattern through Fourier transformation using
concave mirrors and similar devices. For short-wavelength
terahertz waves, it is challenging to manufacture large concave
mirrors with high precision. At a frequency of 300 GHz, the
far-field region of such high-gain antennas is located several
tens of meters away, making direct evaluation of the far-field
challenging. In the ThoR project, it was confirmed that the
far-field evaluation results obtained via photonics-based NFM
(Near-Field Measurement) for relatively low-gain antennas,
which are capable of direct far-field measurements, agreed
well with the direct measurement results. This result shows
that the photonics-based NFM will be a useful solution in the
design of terahertz wireless backhaul and fronthaul links that
utilize high-gain antennas.

In ThoR, a photonics-based near-field measurement tech-
nique [27] has been developed. The test signal (RF [radio
frequency] signal) and reference signal for the measurement
(LO [local oscillator] signal) are generated by beating two
independent free-running lasers. The optical beat is converted
to an RF signal using a uni-travelling-carrier photodiode
(UTC-PD). Although the frequency and phase of the RF
signal fluctuate, the system can map not only the near-field
amplitude but also the phase distribution thanks to the self-
heterodyne technique [28], [29]. Figure 1(a) shows a photo of
the near-field measurement set-up around the antenna under
test (AUT). The amplitude and phase distribution on the an-
tenna surface were measured by scanning an electrooptic (EO)
probe developed for this purpose. By conducting near-field to
far-field conversion, the far-field pattern (radiation pattern) of
the AUT can be evaluated. In the ThoR project, three results
were compared; the far-field pattern calculated from the near-
field pattern measured by the developed system, the far-field

pattern directly measured using the source/direct detection
technique, and the far-field pattern directly measured using a
VNA (Vector Network Analyzer). Fig. 1 presents a comparison
of the three results confirming very good agreement with each
other.
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Fig. 1. (a) Photo of the near-field measurement set-up around the antenna
under test. (b) Comparison between NFM and FFMs.

V. THZ HARDWARE DEVELOPMENT

InGaAs (Indium-Gallium-Arsenide)-channel high-electron-
mobility transistor (HEMT) devices provide record noise fig-
ures and sufficient output power for the realization of high-
performance integrated circuits at THz frequencies. There-
fore, in this work, a 35 nm InGaAs metamorphic HEMT
(mHEMT) technology [30] with current-gain cutoff frequency
fr and power-gain cutoff frequency f.x above 500 GHz and
1000 GHz, respectively, is used for the implementation of the
300 GHz front-end circuits.

300-GHz RX module

. WR-I0TF TR

Assembled PA MMIC

Fig. 2. Photographs of the developed 300 GHz RX and PA modules, showing
the lower part of the opened split-block modules as well as a close-up view
of the packaged MMICs with waveguide transitions on a quartz substrate.

To implement the real-time capable 300 GHz P2P link de-
scribed in Section VII, a chipset of multi-functional 300 GHz
RX (receiver) and TX (transmitter) millimeter-wave mono-
lithic integrated circuits (MMICs) have been developed. The
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utilized chipset, including frequency multiplier, amplifier, and
mixer circuits, is described in detail in [31] and simplified
block diagrams are shown in Fig. 3. In addition, state-of-the-
art 300 GHz high-power amplifier MMICs [32] have been
developed for the TX side.

The developed 300 GHz MMICs were packaged into waveg-
uide modules to allow easy system integration in a prototype
THz link. Photographs of the opened RX and PA (power
amplifier) modules are depicted in Fig. 2. Since the developed
RX and TX MMICs have the same dimensions and pad
configurations, both can be packaged in the same waveguide
housing. Also shown are the lower part of the gold-plated
brass modules with the assembled 300 GHz circuits as well
as the components of the integrated off-chip power supply.
The modules are implemented using a split-block packag-
ing technology with E-field-probe-based transitions from the
MMIC:s to the waveguides. The E-field probes are realized on
a low-loss quartz substrate and connected via bond wire to
the MMICs. With the integrated power conditioning, a bias
control and current sensing of the MMICs is feasible and an
external single-supply voltage in the range of 3.3 to 5V is
sufficient to operate the waveguide modules.

VI. SIMULATING AND PLANNING OF WIRELESS
BACKHAUL LINKS

The backhaul link is one of the compelling use cases for
THz communications. It serves as an intermediate bridge for
data transmission between the central backbone network (core
network) and the individual local networks (network edges),
whose channel capacity is expected to exceed several hundred
Gbps [33]. Typically, backhaul links are provided over fibre
connections which provide a stable channel quality and large
channel capacity supporting backhaul requirements. However,
fibre is costly and time-consuming to install, which imposes
an unpleasant financial burden on mobile network operators
(MNOs). In addition, fibre backhaul links are not available
everywhere due to geographical issues, legal regulations and
administrative restrictions. Therefore, wireless backhaul links
have drawn attention as a favourable alternative for MNOs
to replace fibre connections providing a relatively inexpensive
and fast way to establish the links. The significance of wireless
backhaul links is increasing and will continue to grow over the
generation of mobile communications, as a greater number
of base stations is expected to be deployed to meet the
unprecedented demand for high data rates and to provide
ubiquitous mobile access for end-user devices.

According to [8], wireless communication using the THz
frequency spectrum is capable of supporting fast data trans-
mission (high link capacity) thanks to the large available
bandwidth that is sufficient to fulfill the backhaul capacity
requirements (several hundred Gbps) even taking into account
the unprecedented burgeoning demand for data at mobile
nodes.

In [21], the impact of weather conditions on a wireless
backhaul link at 300 GHz was researched based on historic
weather records, and the corresponding simulation results
clearly show the feasibility of the wireless link under real

weather conditions. In addition, the simulations of the overall
wireless backhaul network across different network architec-
tures, cities and weather conditions [34], [35], [36], [37],
and [38] have demonstrated that multiple wireless backhaul
links can be operated reliably under various realistic weather
conditions whilst fulfilling backhaul requirements.

However, it is difficult to deploy large numbers of line-
of-sight (LOS) THz wireless links with high density in a
metropolitan area without interference. ThoR has proposed al-
gorithms for the automatic planning of 300 GHz band wireless
fronthaul link deployment in metropolitan areas. Radio wave
propagation simulation of wireless fronthaul links was con-
ducted, and the results showed that the SNR signal-to-noise-
ratio) and SINR signal-to-noise-and-interference-ratio) of the
automatically deployed 300 GHz band wireless fronthaul links
exceeded the required SNR for 100 Gbps data transmission
[20],[39]. Moreover, the ThoR project investigated the im-
provement of the connection ratio of 300 GHz band fronthaul
links between remote antenna units (RAUs) and a baseband
unit (BBU) during a local downpour by switching routing
in a mesh network. A new algorithm for the deployment of
RAUs with mesh topology and a route switching algorithm
have been developed. It was shown that with mesh topology
using the actual rainfall data of Tokyo (Japan) from 2020,
THz fronthaul links deployed by these algorithms achieved an
annual connection ratio of 99.96 % [19],[20].

VII. THOR-HARDWARE DEMONSTRATION

The ThoR project was not limited to developing the simu-
lation and planning algorithms or the development and char-
acterization of components described in Sections VI, IV, and
V above. To the best of the authors’ knowledge, the hardware
demonstration realized by the ThoR project is the first bi-
directional and real-time-capable demonstration of a 300-GHz
P2P link with a real-world-relevant link distance in excess of
100 m, based on a novel super-heterodyne system approach
using of-the-shelf E-/V-band modems for base band processing
and establishing network connectivity. The overall concept, the
characterization of the RF frontend developed in the project,
the final set-up and the results achieved are described in the
following.

A. Overall Concept

Figure 3 presents the overall concept of the ThoR approach.
Each transmit and receive side uses an E-band local oscillator
generated using a photonics-based approach. After frequency
tripling to feed an integrated mixer, the IF signal from modems
is mixed to create the THz modulated signal, further amplified
by an integrated power amplifier and an external high-power
amplifier. A Cassegrain reflector is then used as a high-gain
antenna, in LOS with the receiver. After the collection of
the signal with the second Cassegrain antenna, an integrated
LNA is used before the integrated mixer, also fed by the
tripled photonic LO. The resulting IF signal is connected to
the modems. In the TDD (Time Division Duplex) or FDD
Frequency Division Duplex) demonstration, the system in
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Fig. 3. Overall concept of the ThoR approach.

Figure 3, this system is doubled, i.e. a pair of Cassegrain
antennas is used on each side.

The ThoR FDD link demonstration prototype enables an
overall operation bandwidth of 16 GHz within an RF spectrum
of approximately 290 —310 GHz. This implementation is based
on full-duplex FDD operation mode using an IF frequency in
E-band (60-90 GHz).

The bandwidth is arranged in four channel pairs, 2 GHz
each. The system is capable of up to 32-QAM (Quadrature
Amplitude Modulation) spectral efficiency with a target bitrate
close to 28 Gbps per direction. The system enhances link
throughput by parallelization of multiple lower-throughput
modem transceivers. It re-purposes affordable commercial E-
band modem technology (from Siklu Communications) for
a high-throughput 300 GHz link. Siklu EH8010FX is an E-
band modem transceiver with an FDD radio operating at 71—
76 GHz and 81-86 GHz. Using a symbol rate of 1.6 GHz
and a roll-off of 0.25, channels with 2 GHz of bandwidth
are formed. Additionally, forward error correction (FEC) at
a FEC rate of 0.87 is added to the data. It features a passive
filter for isolation and interference prevention between the two
frequency band radios. The radios convert signals to/from RF
from/to baseband via an IQ (inphase and quadrature) interface.
The modem digitizes and modulates/demodulates the signal
into data bits, which a network processor formats into packets
for standard networks. An internal processor calibrates the
radio and modem for high-order modulation performance.

Using parallel modems with identical IF frequencies can
cause interference between IF (intermediate frequency) chan-
nels. The prototype design mitigates this by using a band
filter for each RX and TX path, as shown in the block di-
agram in Figure 4, effectively isolating the receivers from any
transmitter-generated interference. The corresponding CAD
(Computer aided Design) model of four modems together with
the waveguide-based combiner structure is shown in Figure 6.

The commercial modem’s approach limits IF settings to
the regulated E-band frequencies of 71-76 GHz and 81-

from H-band Rx mixer to H-band Tx mixer

E-band Rx E-band Tx

4 channels ( 1:4 Splitter ) [4:1 Combiner) 4 channels
2 GHz BW each 2 GHz BW each
RX4: 82.125 GHz TX4: 72.125GHz
RX3: 84.625 GHz TX3: 74.625 GHz

RX2: 72.125 GHz
RX1: 74.625 GHz

TX2: 82.125GHz
Y HTX1: 84.625GHz

Fig. 4. Bandpass filter for RX/TX isolation. Blue colored is for 71-76 GHz
band, and yellow colored is for 81-86 GHz band.
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Fig. 5. Full FDD link frequency arrangement.

)

86 GHz. Only two channels fit in each sub-band, yielding four
channels and thus four modems. Figure 5 shows the frequency
arrangement for converting from E-band to a 297.5 GHz-
centered operation. It illustrates both ends of the P2P link,
each with four FDD modems. Each modem has a TX and RX
frequency in either the 71 —-76 GHz or 81 —86 GHz band. The
two frequency channels in each band can be combined via
a 4:1 combiner for a total of four 2 GHz channels per link
direction.

Fig. 6. The mechanical implementation using six two-to-one combiners.

The TDD link demonstration utilizes V-band modems to
demonstrate the wireless link which is compliant with IEEE
Std 802.15.3-2023. The V-band modems within the TDD link
have two channels, operating at 59.40 - 61.56 and 61.56
- 63.72 GHz respectively. These 2 GHz channels are up-
converted to frequencies around 300 GHz. The TDD link
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shares the same center frequency channel for both Tx and
Rx.

Figure 7 provides an overview of the TDD link con-
figuration. The V-band modem, developed by HRCP R&D
partnership, is capable of achieving a throughput of 6 Gbps
using 16-QAM over 2.16 GHz of bandwidth. The V-band
modem is compliant with IEEE Std 802.15.3-2023, which
covers both V-band and THz with the same PHY/MAC (Phys-
ical Layer / Multiple Access Layer) architecture. Therefore
the upconverted THz signal through the TDD link is also
compatible with IEEE Std 802.15.3-2023.

L0 243GHz > 300GHz Out

TDD TRX1

HRCP 60GHz Module
HRCP TRX Data Path 1 1~ (goariz Rr. MODEM & F:
HRCP 60GHz Module 3

HRCP TRX Data Path 2 — 0 e oEN &

(Data provided through TDD TRX2

PCle or 10 Gbe I/F)
Output Port1

[t]

Output Port1

L0 240.84GHz —Z3 < &——+—  300GHz Input

Fig. 7. The TDD link configuration using two V-band modems

An example of channel assignment within the TDD link is
shown in Figure 8. Once two-channel integration is confirmed
to work with this scheme, the total throughput of future
terahertz wireless systems can be increased by combining
more channels or using higher bandwidth channels.

302.40 306.72 306.72

59.40 161.56} 63.72 \

60.48 62.64 303.48305.64

(a) Channel assignmentin 60GHz (b) Channel assignment in 300GHz

Fig. 8. Channel assignment employed in TDD link

Figure 9 shows the CAD images of the V-band modem
with a WR-15 port for 60 GHz signal and a PCle (Periph-
eral Component Interconnect Express) interface for user data
transmission, respectively.

B. Characterisation of the RF Part

To prepare for the final demonstration of the overall ThoR
concept, the novel superheterodyne transmit and receive fron-
tends as well as the HPA (high power amplifier) modules and
the photonic LO generation needed to be characterized in great
detail.

First, the TX and RX modules were characterized in a back-to-
back configuration, and a sensitivity analysis was carried out
to find the optimum operating point for different modulation
formats, as reported in [40]. sing custom E-band frequency ex-
tensions together with an arbitrary-waveform generator (AWG)

TOP-VIEW BOTTOM-VIEW
® @:"I ee
WG Port
(WR-15)
® @ ® ®
=
ln ) .

Fig. 9. CAD images of V-band modem

with up to 25GHz of bandwidth and a sampling rate of
64 GSa/s as well as a real-time oscilloscope with up to 20 GHz
of bandwidth and a sampling rate of 80 GSa/s, which provide
and capture the IF signals, data transmissions of up to 32
Gbps using 32-QAM and 8 Gbps using 256-QAM have been
demonstrated. Based on measurements of EVM (error vector
magnitude) versus Tx IF input power as well as Rx RF input
power, the optimum operating points of both modules in terms
of TX linearity and RX sensitivity were determined. With the
IF input power sweet spot of the Tx at around -5 dBm and
a resulting RF output power of around -8 dBm, the optimum
RF input power to the receiver is measured to lie around -24
dBm. This results in a required margin between Tx output and
Rx input of 16 dB to enable best signal quality, with a minor
dependency on LO and IF frequency combination, as well as
the considered modulation schemes QPSK (quadrature phase
shift keying), 8-PSK, and 16-QAM.

Following the module characterization, a laboratory-based
short-range simplex wireless transmission over 1.5m was
carried out as reported in [41]. Using the same E-band fre-
quency extenders as for the module characterization but now
connected to baseband modems with a channel bandwidth of
2 GHz and additionally making use of the 300 GHz HPA, the
real-time operation of the link was demonstrated achieving a
gross data rate of 2.85 Gbps while applying QPSK modulation
at a symbol rate of 1.425 Gbps.

By replacing the custom E-band frequency extenders with a
set of Siklu E-band modems and mirroring the RF hardware
as shown in Fig. 10 to enable bi-directional communication,
for the first time a short-range full-duplex real-time wireless
link operating in the 300 GHz frequency band in compliance
with the IEEE Std 802.15.3d channel scheme has been demon-
strated and reported in [42]. The link proved to operate over
0.5 m using 64-QAM modulation and pushing a total net data
throughput of 11.1 Gbps. Additionally, the first continuous link
operation over 10 h successfully demonstrated the long-term
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stability of the transmission. The power amplifiers that are

Modem 1

Fig. 10. Laboratory-based link set-up for the first full-duplex real-time
wireless link demonstration operating at 300 GHz.

used in the link set-up depicted in Fig. 10 provide a typical
saturated output power up to 10dBm, as described in [43].
Before integrating the PA modules in the TX path, a detailed
large-signal characterization was performed to investigate the
impairments of the non-linear behavior of the PA modules for
different power levels, which revealed an optimal EVM (error
vector magnitude) characteristic for a 16-QAM modulation at
2 dBm output power [44].

The photonic LO architecture is described in Figure 11. The
photonic LO is based on phase modulation of an incoming
microwave signal from an electrical source (denoted as PSG,
Performance Signal Generator in Figure 11), with Fy fre-
quency. In our case, the synthesizer used is an SMA100B from
Rohde & Schwarz). Then, an electronic doubler multiplication
stage is used, further driving an phase modulator that gener-
ates the spectral separation (optical domain) required for the
photonic LO. The optical modulated wave is generated from
a Keysight 81950A laser source module. The optical source
center frequency is adjusted to the minimum transmission of
a fiber grating that has been designed on purpose for this
application in the optical telecommunication window around
1550 nm. At its center wavelength, the Bragg grating reflects
more than 99% of the incoming light power. The Bragg grating
filters out the carrier, thus yielding to an intensity modulated
signal at twice the driving RF (thus at 4*Fjy). The full width
at minimum of the fiber Bragg grating is 35 GHz with fast
roll-off, so that side band attenuation is negligible through it.
Finally, a fast PIN photodiode (3 dB bandwidth > 70 GHz)
converts the optical signal to mm-wave (73.333 GHz in the
presented case). An external amplifier (30 dB) is then used,
coupled to a 3 dB waveguide splitter to properly drive the Tx
and Rx (Figure 3) using a set of WR12 flexible waveguides.

The phase noise of [y reference and the photonic LO is
given in Figure 12. All of the measured phase noise were
obtained using a FSW67 spectrum analyzer. Considering the
architecture of the photonic LO, the phase noise performance
is linked to the reference source. The black curve of the figure
12 is showing the reference phase noise at Fp, and the grey
one is expected phase noise from a multiplication by 4 (i.e. the
phase noise is degraded by 20*log(4) factor). The measured
phase noise of the photonic LO was then done by down-
converting the 73.333 GHz with a WR12 sub-harmonic mixer
(SHM) pumped at 32 GHz, which phase noise noise is given
for reference also (with the factor 20*log(2), as the harmonic

x2 Freq. multiplier
Fo Fiber Bragg
PSG }-— R

-

Optical

1549.61 nm

Phase modulator 4

(b)

4.Fo

-10 4 4

S
o
1

1

Normalized optical power (dB)

T T
1549 1550
Wavelenght (nm)

1551

Fig. 11. (a) Architecture of the photonics-based local oscillator (output
WR12 amplifier, 3dB waveguide splitter are not shown). (b) Measured optical
spectrum at fiber Bragg grating output, before the PIN-PD.

2 is used in the SHM). The red curve is showing the photonic
LO performance. As shown on Figure 12, the red curve is very
close to the multiplication by 4 expected performance, except
for offsets range 1kHz-20 kHz. Last, the green curve shows
the result of an extrapolation of photonic LO multiplied by 3
as per the architecture of the Tx and Rx MMICs (Figure 3).
The FDD modem specification on phase noise is also shown
for reference, and was -90 dBc/Hz @ 1MHz, highlighting that
the performance of the photonic LO (multiplied by 3) is 20
dB below the specification for the modems according to the
manufacturer. The chosen architecture enables the tuning of
the frequency of the LO (with operation using FDD or TDD)
while keeping a spurious free spectrum, avoiding the need for
any E-band filter between the photonic LO and the transmit
or receive circuits.

C. Set-up of the Final Demo

Based on the results of the characterization of the individual
as well as the concatenated RF hardware components and
the resulting available link budget, the site for the final
demonstration was chosen. Two buildings on the TU Braun-
schweig campus with heights of 52.6 m and 57 m enabled an
obstacle-free LOS link over a distance of 150 m, as depicted
in Fig. 13. For the outdoor long-range and long-term link
demonstrator, the RF hardware was installed in weatherproof
and temperature-stabilized antenna housings. For each link
terminal, two separate housings for transmitter and receiver
were used, with both containing high-gain Cassegrain-antenna
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Reference (Fo, 18.33325 GHz)
Phot. LO (4.Fo, 73.333 GHz)
Reference + 20.log(4)

—=— 32 GHz SHM LO + 20.log(2)
—— Phot. LO + 20.log(3) -

= Modem spec.

Phase noise (dBc/Hz)
2
o

T T T T
10k 100k ™ 10M

Offset frequency (Hz)

100 1k 100M

Fig. 12. Measured phase noise of the Photonic LO in the configuration of
the outdoor demo of the THOR project. Black: reference RF source used to
drive the photonic LO system. Grey: reference (black) with a 20*log(4) phase
noise degradation (x4 frequency multiplication effect). Blue is the phase noise
of the SHM local oscillator used to measure the photonic LO phase noise,
and red is the phase noise of the photonic LO. Green is the expected phase
noise after being multiplied by 3 (20*log(3) increase), corresponding to the
input stages of the Tx and Rx circuits shown in the Figure 3. The modem
requirement is shown for reference in the figure.

Building 1
Height 52.5m

’ Building 2
- Height 57 m
Fig. 13. Link site of the long-range full-duplex link over 150m and

corresponding link terminals 1 and 2.

systems with an antenna gain of more than 55dBi, and a
half-power beam width of less than 1 degree. While the TX
and HPA modules were housed in the TX antenna, the RX
antenna held the RX module as well as the PIN-PD coaxial
module (followed by a WR12 amplifier) of the photonic LO.
To provide the same LO signal to the TX antenna, the LO is
split inside the RX housing and fed to the TX antenna using
a flexible WR-12 waveguide interconnection.

The aggregation of four E-band modems at each link terminal
is done outside of the antenna housings as depicted in Fig. 14.
The connection of the aggregated IF signals with a bandwidth
of 4x2GHz in the E-band frequency range to the TX and

RX modules inside the antenna housings is done by flexible
waveguides. The separation of the individual IF channels of
the four modems is achieved with waveguide diplexers, which
are described in [42].

To integrate the THz link into a real network, each modem
is connected via a SFP+ (small form-factor pluggable) optical
fibre transceiver module to a network switch at both ends of
the link. From the network switches at both ends of the link
the Ethernet signal is transmitted via optical fibre to a central
control room, where both data source and sink are located. To
evaluate the throughput performance of the link, two PCs in
the control room are connected to the network, running open
source traffic generation tools serving as server and client in
a standard Transmission Control Protocol / Internet Protocol
(TCP/IP) communication scenario. At each link terminal, the

%

Fig. 14. Aggregation of Siklu modems 1 to 4 and the diplexing-waveguide
structure to separate transmit and receive channels at one of the link terminals.

TX and RX antenna housings have been mounted on a rugged
pedestal. Each housing is independently movable in azimuth
and elevation by manual adjustment of fine-pitch threads.

Since the response time of the modem GUI (graphical user
interface) and the provided link-quality metrics is too slow
to perform a precise alignment of the high-gain antennas,
additional external hardware was used to adjust the antenna
orientation. Using a dielectric-resonator oscillator (DRO) op-
erating at 10.4375 GHz in conjunction with a frequency mul-
tiplier (8x) enables the injection of an IF signal at 83.5 GHz
into the TX module. Using a similar frequency generation
but with a base frequency of 9.1875GHz as LO source for
an E-band down-conversion mixer, the received IF signal at
the other link terminal is observed at 10 GHz using a hand-
held spectrum analyzer. The alignment is performed by manual
iterative scanning of azimuth and elevation of the transmitting
and receiving antennas at link terminals 1 and 2, respectively,
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and simultaneous observation of the received power. This way,
up- and down-links are aligned separately.

D. Results of the Final Demonstration

The ThoR demonstration links were set up with the hard-
ware components developed as a part of the project and
operated from 7 June 2022 to 30 June 2022. For the demon-
strations, two types of duplexing methods (FDD and TDD)
were tested using emulated real data in a live operational
communication network to assess their practicability for real
data transmission.

For the data transmission in the FDD mode, eight commer-
cial FDD modems from Siklu were used to establish two par-
allel links to emulate a bi-directional link. For each link, four
FDD Siklu modems were combined to realize a total of four
bi-directional communication channels (2 GHz bandwidth for
each channel) through a waveguide-based combining network
visualized in Fig. 14.

During the ThoR demonstration, each of the eight individual
modem channels, a 2 GHz bandwidth for each, was able to ex-
ceed the modem-defined lower CINR (carrier-to-interference-
and-noise-ratio) threshold of 16 dB for 16-QAM modulation
(4bps/Hz), yielding a net data rate of 5 Gbps per channel.
With the CINR values of the individual modem up- and down-
link channels ranging from 17 to 19 dB, none of the duplex
channels established by one of the modem pairs sufficiently
surpassed the lower CINR threshold for 32-QAM of 19 dB.
Taking into account four communication channels for each
parallel link, the ThoR demonstration links could showcase a
remarkable achievement of 2 x 20 Gbps net throughput over
the sub-mm radio channel around 300 GHz. One thing to note
is that the established links were extremely stable, maintaining
the 16-QAM scheme constantly throughout the three-week
duration of the ThoR demonstration. Only a subtle fluctuation
in the RSSI (received signal strength indicator) value of about
1 to 2 dB was observed resulting in an insignificant drop in
CINR value. This subtle variation did not lead to a change in
the modulation and coding scheme.

As an additional remark, one communication channel was
used for the data streaming channel, which supported the
seamless data transmission of live FHD (full high definition)
video signal with 50 fps 4:2:2 chroma subsampling.

Apart from the data transmission in the FDD mode, the data
transmission in the TDD mode was tested using two TDD
modems developed by HRCP using the same set-up of ThoR
demonstration hardware. The connection of the data trans-
mission link in the TDD mode was successfully established
demonstrating 1 Gbps net throughput. Since the chipsets of
the TDD modems already enabled the long RIFS mentioned
in Section II the TDD demonstration already complies with
IEEE Std 802.15.3-2023.

Besides the measurement, the influence of the atmospheric
conditions was investigated using the measured weather pa-
rameters measured by a weather station operated by the
LeichtweiB-Institute for Hydraulic Engineering and Water Re-
sources at TU Braunschweig. The provided weather data is
available for the period of time from 00:00 on 20 June 2022

TABLE I
SIMULATED ATTENUATION BASED ON REAL WEATHER DATA IN THE
PERIOD OF THE EXPERIMENT

Gaseous Rain Total

attenuation  attenuation  attenuation
max value [dB] 1.8 1.5 2.9
min value [dB] 0.6 0 0.7
mean value [dB] 1.2 0.005 1.2
standard deviation [dB] 0.2 0.067 0.3

to 13:00 on 30 June 2022 with the resolution of one minute.
Due to the reliability issues of the measurements, a total of
157431 time slots are considered for the further simulation
taking into account two additional attenuation factors were
taken into account: attenuation caused by atmospheric gases
[45] and attenuation caused by rain [46] for each time slot.
The corresponding simulation results about the impact of the
atmospheric conditions are given in Table 1.

Here, it is possible to observe that the minimum value of the
total additional attenuation including gaseous attenuation and
rain attenuation is 0.7 dB, and the maximum value is 2.9 dB
with the range of 2.2 dB matching closely to the fluctuation
value of the RSSI measured by demonstration. A further
simulation was carried out on the corner case of heavy rain
conditions assuming the rain rate of 100 mm/h to demonstrate
the feasibility of the THz communications under the extreme
weather conditions and to understand the potential changes in
RSSI value for system design. In the worst case (100 mm/h),
the rain attenuation corresponds to 4.8 dB, which is not critical
enough to cause the link outage rather than forcing the use of
a lower modulation and coding scheme, which degrades the
spectral efficiency of the frequency and thus the lower data
transmission rate. This supports the strong evidence for the
feasibility of THz communications in the outdoor scenario and
the changes in the atmospheric conditions may not be critical
enough to hinder THz communications as long as the link
distance is properly considered.

VIII. CONCLUSIONS AND OUTLOOK TO FUTURE
ACTIVITIES

This contribution provides a short introduction to THz
communications, taking as an example the application of
wireless backhaul links at 300 GHz. Simulation and planning
algorithms for THz backhaul links have been briefly described.
The core result presented is a hardware demonstrator enabling
the proof-of-concept for the realization of the complete system.
With this system, a net data rate of 2x20Gbps over a
distance of 150m using a total bandwidth of 8.64 GHz has
been demonstrated showing also compliance with IEEE Std
802.15.3-2023 for this application. In this demonstration the
overall achievable throughput was limited by the base band
capabilities of the used modems and a link budget allowing 16-
QAM at most. However, this approach can be scaled. Using,
e.g. 50 GHz of spectrum instead of 8.6 GHz, two polarizations
at the same time and improving the link budget to enable 64-
QAM would increase the net throughput by a factor of around
50 yielding a throughput of almost 1 Tbps.
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This demonstrator is the basis for further research and
development and is currently being used as a starting point
in subsequent projects. For example, the EU Horizon Europe
project TIMES ("THz Industrial Mesh Networks in Smart
Sensing and Propagation Environments™) is using parts of
the ThoR hardware to demonstrate THz links in industrial
environments [47].

Another project, which is based on the findings in ThoR
is ongoing in Japan on 300 GHz THz networks, supported
by the National Institute of Information and Communications
Technology (NICT) under the Beyond 5G International Joint
R&D Program. Based on the TDD mode described in the
previous section, waterproof outdoor radio units have been
developed for long-term performance evaluation, as shown
in Fig. 15. RF output power from a waveguide output port
is about 0 dBm and the antenna gain is 40 dBi. The outdoor
unit is mounted on a motor-controlled platform for automatic
alignment function. IF signals in two IEEE Std 802.15.3e
channels are upconverted into channels 16 and 17 of IEEE
802.15.3d, whose frequencies are respectively 286.20 GHz
and 288.36 GHz. The outdoor radio units will be used in an
international collaboration project (Multi-physics based system
design for future ICT networks) funded by Japan Science and
Technology Agency (JST).

Fig. 15. Outdoor radio unit mounted on a motor-controlled platform.
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