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Abstract. As the standardization of 5G New Radio (NR) systems operating in micro- and millimeter-wave fre-
quency bands is over, scientific and industrial communities have begun to address the question of what 6G
communications systems might or should be. While technological specifics are still in their early development
phase, there is a common agreement that these systems will utilize the lower part of the terahertz band, namely,
100-300 GHz. This band poses a number of specific challenges for system designers, including the effects re-
lated to channel characteristics and the conceptually new requirements for electronics. This paper aims to
report the current state-of-the-art channel characterization and communications system design. With respect to
the former, we consider dynamic human body blockages and micromobility impairments. For the latter, we
mainly concentrate on the physical layer devices for direct conversion schemes and the design of the so-called
reconfigurable intelligent surfaces that will potentially serve as a cost-efficient blockage mitigation technique.
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1. Introduction

Expanding the available bandwidth is the main tool for increasing rates at the access interface in
cellular systems. This trend has been in place since 3G systems with 3G UMTS, 4G LTE, and 5G
NR utilizing 2 MHz, 20 MHz, and 50 MHz wide basic channels, respectively, thus offering higher
bandwidth. With 5G New Radio systems operating in the millimeter wave (mmWave, 24-100 GHz)
band, the next logical step is the sub-terahertz/terahertz (sub-THz/THz, 100-300 GHz) band and even
higher, where enormous yet unregulated bandwidth is available. Such bandwidth may result in data
rates potentially supporting a plethora of upcoming applications, including virtual/augmented reality
(VR/AR), holographic communications, etc.
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The use of the THz band poses several challenges to systems designers. The first set is related to
still unsolved propagation effects that were already evident in the mmWave band, including dynamic
blockage by human bodies and the micromobility phenomenon. The former makes mmWave/THz
systems unusable under the conditions they were invented for large dense crowds generating
enormous traffic demands. The solution to this problem requires fast and accurate blockage detection
mechanisms and methods to decrease the frequency of blockage events. Micromobility is closely
related to the utilization of directional antennas and is expected to become more relevant at THz
frequencies, where the directivity of antenna radiation patterns will further increase.

The development of large-scale antenna devices for the front ends of ultra-directional THz
transmitters and receivers, as well as the smart 6G antenna environment, must comply with the
criteria of cost and power efficiency. Moreover, supporting extremely large bandwidths is another
challenge. This solution requires the use of advanced circuits for THz signal generation and processing
that are naturally compatible with ultrafast and spectrally effective communication schemes. This,
in turn, can be accomplished via partial replacement of intrinsically limited Si-based electronics
with more capable A3B5 electronic and radiophotonic devices.

This paper aims to report the recent progress in THz channel characterization and system design.
In the former topic, we concentrate on two effects currently affecting the public deployment of
mmWave/THz communication systems: dynamic human body blockage and micromobility. In
the context of system design, we consider state-of-the-art coherent communications with direct
conversion and reconfigurable intelligent surfaces (RISs) for reflection-aided channels. The latter
can be utilized as a simple and efficient block avoidance technique.

The remainder of this paper is organized as follows. We begin with the effect of dynamic human
body blockage in Section 2. In Section 3, we discuss recent progress in micromobility characterization.
Section 4 describes the design of state-of-the-art THz communication systems. Finally, in Section
4.2 we consider a potential blockage avoidance solution for 5G and 6G systems - RISs. Finally, the
conclusions are presented in the last section.

2. Dynamic blockage
2.1. Motivation and impact

Dynamic blockage of the propagation path by human bodies is one of the critical factors affecting
the performance of THz communications systems. This property was first observed in the mmWave
domain, where it was demonstrated to result in 15-25 dB attenuation [1] depending on the propagation
conditions and environmental characteristics. The eventual impact of this phenomenon is a drastic
drop in the received signal strength resulting in either the downgrading of the utilized modulation
and coding scheme (MCS) or outage conditions. Due to an even Shorter wavelength attenuation in
the THz band is expected to be even more drastic.

Several methods have been proposed for human body blockage avoidance. First, because of the
inherent multi-path propagation at mmWave/THz frequencies, a non-line-of-sight (nLoS) path can be
utilized for continuing service in the case of blockage. When no outage is experienced bandwidth
reservation techniques may still support the active session as proposed in [2, 3]. However, as indicated
in the 3GPP TR 38.901 standard, even at mmWave frequencies these paths generally generate less
than 10% of the LoS path power. When blockage leads to an outage, multi-connectivity functionality
standardized by 3GPP can be utilized [4, 5]. However, this approach requires dense deployment of
mmWave/THz base stations (BS), which may not be available during the first deployment phases. In



Shurakov A.S. et al.,, The recent progress in terahertz channel characterization and system design 183

addition, even when both approaches are utilized together including the implementation of multi-
connectivity between mmWave and THz radio access technologies (RAT), there is still a non-negligible
probability that a session initially accepted for service will eventually be lost as a result of blockage.
Finally, an alternative method is to embed blockage avoidance techniques in the physical layer by
utilizing beam focusing [6] and/or non-diffractive beams [7]. However, these studies are still in their
infancy.

Blockage detection techniques are required to enforce blockage avoidance. These techniques can
be classified as proactive and reactive techniques [8]. However, for both one needs to understand
not only the duration of the blockage periods but also the duration of the signal fall and rise times.
The signal fall time is of critical importance as it is not allowed to benchmark the development test
but can serve as an indicator of the type of impairment allowing to distinguish blockage from other
events including fast fading and/or micromobility discussed in Section 3.

2.2. Related work

In this section, we outline related studies that characterize the impact of dynamic human body
blockages in the THz band. We start by briefly reviewing the results of the LoS path propagation and
blockage.

First, we highlight a notable deficiency in the current body of research on propagation phenomena
beyond the 100 GHz. Studies on the attenuation and time dynamics of the blockage process remain
scarce. For instance, [9] provides an overview of propagation loss measurements at 140 GHz for
various building materials: however, the characteristics of the blockage process have not been
reported. The authors of [10, 11] reported attenuation values for 300 GHz for vehicular blockage in
different configurations, but these results cannot be extrapolated to human body blockage owing to
the different materials and geometries.

Numerous authors have investigated the transparency characteristics of materials, as evidenced in
[9, 12, 13]. For example, [14] explored the attenuation induced by various materials in the sub-THz
range, whereas [12] reported measurements at four different frequencies, with two considered to
belong to the sub-THz range. The study in [15] presented an analytical model based on the average
blockage probability estimated empirically as follows a function of the relative positions of the
receiver (Rx) and transmitter (Tx), average Tx/Rx heights, antenna parameters, and room size.

In general, despite the existing body of data regarding the penetration of sub-THz signals
through diverse materials and measurement campaigns related to vehicular communications,
a comprehensive characterization of the human body attenuation process within the sub-THz
frequency spectrum is lacking. This is especially concerning for the signal fall and rise times.

2.3. Recentresults

The first step towards this direction was taken in [8], where the authors investigated the signal blockage
by the human body at a frequency of 156 GHz in the indoor environment, as shown in Fig. 2a. An
example of the signal behavior under blockage is shown in Fig. 1, where it is marked by a "direct
trace”. The authors focused on blockage characteristics, including average signal attenuation and
timing metrics such as signal fall and rise times, and blockage duration. For transmission over
a distance of 3-7 m, the average attenuation was found to range from 8 to 15 dB depending on the
LoS height and the distance between the Tx and Rx. The blockage duration varied from 5 to 10%
for different Tx-Rx distances (with corresponding nominal values of 360-390 ms), while the rise and
fall times of the signal gradually increased from 60 to 100 ms as the Tx-Rx distance increased and
remained unchanged for different LoS altitudes.
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Figure 2. Illustrating considerations in LoS and reflective propagation

In [16], the authors investigated the effect of dynamic blockage by the human body on the signal
strength in a highly directive channel in the sub-THz frequency range under typical indoor conditions
with reflection from different materials, as shown in Fig. 2b. An illustration of the blocked signal
under the reflected propagation of different materials is shown in Fig. 1. Through an extensive
measurement campaign at the 156 GHz carrier frequency, reflection and blocking losses along
various nLoS paths were reported, as well as the corresponding blockage duration, fall, and rise
times. Empirical studies were validated using material-dependent 156 GHz radio propagation models
for 24 different measurement configurations.

Upon visual examination of Fig. 1, it is clear that signal levels received from paths involving
reflection in unobstructed conditions are notably lower than those of direct line-of-sight paths. This
discrepancy is primarily attributed to the losses incurred during reflection. Additionally, distinct
variations were observed in both obstruction patterns and signal strengths both preceding and
following the occurrence of an obstruction event. It is also visible that the plots representing the
incidence of radio signals are closely clustered together, almost overlapping, particularly in the case
of concrete and drywall. Any slight disparities observed, especially in the case of glass, can likely be
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Mean signal attenuation, fall, and rise times

LoS propagation

Tx-RX distance, m

Attenuation, dB

Rise time, ms

Fall time, ms

3m 13.87 59.26 62.39
Sm 12.16 85.73 79.17
7m 7.29 102.51 95.57

Reflected propagation, 3

m Tx-Rx distance

Type of material

Attenuation, dB

Rise time, ms

Fall time, ms

Concrete 11.59 51.615 67.475
Drywall 11.15 46.231 53.186
Glass 9.76 44.081 39.338

Table 1

ascribed to external variables such as the dynamic range of the Rx and the consistency of the motion
trajectories of the obstructions.

Table 1 summarizes the results in [8, 16] for signal attenuation, fall, and rise times. The presented
results show notice that the presence of reflection does not quantitatively change the mean signal
attenuation as it remains in the range of 10-13 dB. For LoS propagation conditions the mean signal fall
time varied between 60-90 ms depending on the propagation distance. The type of reflecting material
affects these values. Specifically, for glass, it becomes as small as 39 ms. Even for 5G mmWave
NR technology, the time gap is at least a few frames making it possible to utilize reactive blockage
detection tests for multiconnectivity operations.

3. Micromobility

3.1. Motivation and impact

Modern 5G NR and future 6G cellular systems operate using antenna arrays. The use of directional
antenna radiation patterns requires a beam-tracking procedure. For example, in 5G NR systems,
beam tracking is performed regularly every 10-320 ms, where the actual interval is chosen by the
network operator. Because of the much smaller wavelength in the 100-3000 GHz band, the half-power
beamwidth (HPBW) of antenna arrays in 6G systems is substantially higher than that of 5G NR systems.
This increase leads to extreme overhead in terms of (i) the time needed to perform beam tracking,
(ii) frequency resources, and (iii) energy.

In terms of power, it has been shown that although the power consumption induced by beam
tracking is smaller than that caused by the actual data transmission, it still adds significant overheads,
especially for low data rate applications having intermittent connectivity such as web browsing [17].
The time required to find the best antenna configuration is directly proportional to the number of
antenna array elements on the BS and UE sides. That is when hierarchical beam searching is utilized,
as (Ng + Nyy)8, where § is the array switching time (2 — 10us for modern arrays), Ng and Ny are
the numbers of antenna configurations at the BS and UE sides, respectively. In terms of frequency
resources, the overhead also scales proportionally with the number of Synchronization Signal Blocks
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(SSB) per frame

R = Npss + Nsss + prch + Nssb
© Nrb + Nsc + Nsl + Nsym

>

where Nyy,, is the number of symbols in a slot, N; is the number of slots per frame, N is the number of
sub-carriers, Ny, is the total number of resource blocks (RB), Ny, is the number of SSB per frame, Ny,
is the number of primary broadcast channel resource elements (RE), N is the number of secondary
synchronization signal REs, Np is the number of primary synchronization signal REs. Since the
HPBW of the antenna array can be approximated by 102°/N [18] and assuming sectoral coverage
of a single BS antenna, Ny, can be approximated as Ny, = 120°(Ng + Nyy)?/102° = 1.18(Np + Ny)?
implying quadratic dependence.

These overheads imply that the interval between the beam-tracking time instants must be
minimized. In current 5G NR systems regular beam tracking is utilized with the interval between
synchronization time instants set at the BS and UE and between 10 ms and 320 ms. Moving forward
towards 6G systems such timings may become infeasible owing to the considered overheads, and
thus, there is a need to optimize the time interval between beam tracking time instants.

3.2. Related work

The effect of micromobility is inherent to systems with directional antennas. Although 5G NR
systems already utilize directional antenna radiation patterns the HPBW of the antenna arrays is
rather large for micromobility to produce a noticeable impact. Nevertheless, it has already been
experimentally characterized for 5G NR systems in [19], where the authors demonstrated that it may
lead to degradation of the received signal strength.

As we move towards the THz band, the dimensions of the antenna arrays grow, leading to a higher
HPBW directivity. The seminal work on, where the impact of user micromobility on link performance
was characterized in [20]. The authors utilized inertial sensors embedded in a smartphone including
a gyroscope and accelerometer to characterize the stochastic trajectories of the imaginary boresight
of the beam. Shows the basic trade-off between outage time and spectral efficiency for different
HPBW sizes. Furthermore in [21], the same authors utilized simple micromobility models based on
diffusion processes to assess the performance of on-demand and regular beam-tracking procedures
in the THz band. Their results illustrate that the latter, which is currently utilized for 5G NR systems,
may not be the best option when the number of antenna elements reaches a level that is typical for
6G THz systems.

The authors in [22] carried out a micromobility emulation, where the boresight of the beam
was represented by a laser pointer firmly connected to the smartphone. They considered four
types of applications including video watching, VR watching, racing games, and phone calling, and
demonstrated that the different types of applications are characterized by different micromobility
properties. They also showed that some applications such as video watching and phone calling may
allow for large times between beam tracking time instants. In [22], based on the statistical data
obtained in [23], three models were formulated and parameterized: (i) two-dimensional Markov
model, (ii) decomposed over Oy and Ox axes one-dimensional Markov model, and (iii) decomposed
over Oy and Ox axis Brownian motion model. The models were compared using the time to outage
after the beam-tracking time instant. The results demonstrated that the two-dimensional Markov
model produced the best approximation of the considered metric but was characterized by the highest
complexity as the number of states reached thousands. On the other hand, decomposed models are
suitable as first-order approximations for those applications, where the user actions are not explicitly
controlled by the application, for example, all applications excluding racing games.
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Once the effect of micromobility has been characterized, studies assessing its impact on user- and
system-level performance, as well as proposing solutions for remote application detection, have
started to appear. First, in [24], the authors characterized the impact of micromobility on the outage
performance of 6G THz systems with micromobility functionality. They demonstrated to achieve
a meaningful compromise between outage and spectral efficiency the beam searching time must be
decreased by at least ten times. This can be achieved by utilizing a faster switching time of the antenna
configuration. Furthermore, in [5], a joint deployment of mmWave and THz 6G communication
systems was considered. By accounting for both channel- and resource-dependent factors, the
authors demonstrated that a system with intermittent connectivity induced by micromobility must
rely on fully reliable backup options such as 4G LTE.

With respect to the applications classification for maximizing the time between beam-tracking
time instants, the authors in [25] advocated the use of inertial sensors including gyroscopes and
accelerometers to decrease the search space for antenna configurations on both the BS and UE sides.
However, as shown by the authors, the inaccuracy of modern embedded sensors is insufficient for
achieving sufficient gains in terms of the time spent searching for beams. An alternative approach
based on the boresight of the antenna main lobe detection was proposed in [26]. Although nearly
perfect application detection can be achieved which may result in optimal beam tracking intervals,
the considered metric (boresight location) is not immediately available at the BS and UE sides.

Despite significant efforts to date, there are neither measurements nor methodologies that
characterize the impact of micromobility on the received signal strength immediately after the
beam tracking time instant.

3.3. Measurements methodology

Owing to the lack of miniaturized equipment operating in the sub-THz frequency band, to carry out
the micromobility measurement campaign we applied the following multi-stage methodology: (i)
beam center mobility emulation for different applications, (ii) Markov modeling of the time-series,
(iii) generation of control traces for real measurements, and (iv) actual micromobility measurements
in the sub-THz band.

Beam center micromobility emulation. In the first stage, we emulated the micromobility of the
beam center using a laser pointer firmly fixed to the UE. A user utilizes UE to run applications
including (i) racing games, (ii) phone calls, (iii) VR watching, and (iv) video watching. A large white
screen is used to track the moving spot produced by the laser. A high-resolution camera operating at
120 fps was used to capture the time-dependent position of the laser spot. Standard signal processing
techniques were utilized to convert the stop location to grid coordinates. Overall, we performed 10
independent measurements for four considered applications. The duration of each measurement
was set to 120 seconds. Additional details of the experimental setup are provided in [23].

Markov modeling of time-series. Once the traces were collected, we developed models for the
time series. To explicitly capture both distributional and correlational properties, we utilized a two-
dimensional Markov chain framework. Accordingly, the entire range of the x and y coordinates was
divided into N X N cells. The transition probabilities were then calculated to produce the Markov
model. The value of N can be tuned based on the required model accuracy. Based on the analysis
conducted in [23], the value of N = 100 was chosen. The accuracy of the model was assessed in [22],
where the reported results demonstrated that it performs better than simplified models including
decomposed Markov and Brownian motion models.
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Control traces generation. In real measurements of the received signal strength affected by the
micromobility patterns we utilized high-precision goniometers to control the direction of the antenna.
We utilized the specified models to generate control traces consisting of 0s and 1s indicating positive
and negative, respectively, steps for the vertical and horizontal planes. Note that the maximum time
resolution of the goniometers was 150 ms/° which was slower than the micromobility speed of the
racing game and VR-watching applications. To this end, we utilized the time expansion technique to
align the maximum speed of the applications with that of the goniometers. The reverse procedure
was implemented to restore the actual time after the measurements were performed.

Micromobility measurement campaign. The experimental setup consisted of two key components:
a static transmitting module (Tx) and a mobile receiving module (Rx). The first is based on a solid-
state source comprising a microwave synthesizer, followed by a sub-THz frequency multiplication
chain (FMC). The Tx provides 44 mW of output power in the form of a modulated constant waveform
with a modulation frequency of 25 kHz at a carrier frequency of 156 GHz. The voltage-controllable
attenuator terminating the FMC provides strict amplitude control of the Tx-generated signal and
performs the function of a modulator. It was also synchronized with a lock-in amplifier used at
the back end of the Rx (Fig. 3). The Rx front end included a waveguide envelope detector based
on a Schottky diode with 100 V/W of responsivity. The detector is equipped with a high-directivity
horn antenna identical to that of Tx and is integrated with a beam steering system consisting of
two motorized single-axis goniometers. The control traces used to drive the goniometers along the
predefined angular trajectories have the form of matrices containing four columns with 0s and 1s (the
generation procedures are provided earlier in the text). The values from the first and third columns
are responsible for changing the direction of the instantaneous angular step of each goniometer
(1—positive, 0—negative), the second and fourth, in turn, - for the corresponding magnitudes of
the angular steps (1—24.8 arc seconds, 0—0 arc seconds). From a personal computer, the traces are
submitted to control and data acquisition (DAQ) units synchronizing the transmission and directive
reception of the sub-THz signal. Rx was placed 400 cm away from Tx such that their optical axes were
co-aligned at the beginning of each measurement. The recorded time series of the received signal
strength is statistically processed.

Time-series. The selected time-series of signal strength impaired by the micromobility of
applications is shown in Fig. 4. The visual analysis of the observed data shows that one application
stands out from the rest - video watching is characterized by extremely steady behavior with signal
strength remaining close to the maximum even after significant time after beam alignment. On some
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Figure 4. Selected trajectories of micromobility patterns

traces, occasional falls are observed but the signal strength quickly recovers after them. This is in
close agreement with the beam center behavior reported in [23], where the center of the beam rarely
fluctuated.

Visual analysis of the rest of the time series allows identification of the phone application as having
lower received signal strength fluctuations as compared to VR watching and racing games. The
maximum deviations observed for this application are generally limited to 15 dBm with an occasional
drop of 30 dBm. The two remaining applications are characterized by visually similar behaviors with
rapid variations. Nevertheless, as one may observe there are still large intervals for both VR watching
and racing game applications, where the received signal strength remains relatively constant. This
implies that the resources utilized for beam tracking may still be saved, even for these applications.

4. Communication system design

In this section, we focus on physical layer devices within coherent THz communication schemes with
far-beyond-gigabit data rates. Classic microwave designs of direct conversion transmitters/receivers
are briefly discussed together with their modern and actively developing radiophotonic alternatives.
Path loss management via smart antenna devices embedded in reflection-aided ultra directional THz
channels was further assessed in terms of radiophysics and engineering challenges.
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Figure 5. Coherent THz communication schemes

4.1. Physical layer and direct conversion schemes

It is conventionally stated that the higher the carrier frequency in the communication channel, the
larger the channel capacity. Considering the evolution of wireless networks, this statement can
be recognized as a gradual migration of their operating frequencies from the L to D band over the
last several decades. As expected, the technological background of the predecessor is not always
easily adopted by the successor. This situation has several reasons that eventually originate from
the available hardware fabrication and operation technologies. Currently, state-of-the-art wireless
systems are being used in the THz technology. They are expected to occupy the D band, which is
the lower part of the THz spectrum and spans from 110 to 170 GHz. For coherent communications,
it should potentially enable baud rates of up to 55-85 GHz at the air interface. However, such
a performance is only possible when wireless transceivers are compatible with the amplitude and
phase manipulation methods at either i) the carrier frequency itself in the case of classic microwave
modulation schemes or ii) higher-than-carrier frequencies if radiophotonic schemes are implemented
[27, 28].

Quadrature amplitude modulation (QAM) schemes with 16-256 levels are commonly used in
4G/LTE and 5G systems. QAM schemes with up to 1024 modulation levels are expected to appear
in 6G THz channels in the near future. Fig. 5 shows simplified examples of conventional and
radiophotonic hardware implementations of coherent QAM-based THz communications. The
fundamental difference between them is related to the manner in which a D-band QAM signal
is generated and processed.

As shown in Fig. 5(a), the conventional method is to build a direct conversion transmitter/receiver
channel with narrow-beam antenna front-ends. It utilizes four key analog elements, including X- and
D-band local oscillators (X-LO and D-LO), an X-to-D-band frequency multiplication and amplification
chain (Fregx), and two D-band in-phase/quadrature (I/Q) mixers, as well as two key digital elements,
including ultrafast digital-to-analog and analog-to-digital converters (DAC and ADC). The robust
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technology of X-LO acting as a fundamental frequency source is yttrium iron garnet (YIG) voltage-
controlled oscillators (VCOs). When frequency- or phase-locked, 8-12 GHz YIG VCOs ensure high
spectral purity with a phase noise close to the thermal limit of approximately —180 dBc/Hz above
a corner frequency offset from the carrier and the output power beyond 13 dBm [29]. To elevate
the generated X-band frequency to 140-150 GHz and an output power of 20-26 dBm, it is efficient
to use Freqx with an A3B5-based frequency multiplier and power amplifier (PA) circuits [30] which
can be tuned and cascaded to meet the desired specifications. Coding and decoding of D-band
carrier signal within communication schemes with I/Q modulation ensure data rates beyond 50 Gbit/s
in short distance links for Monolithic Microwave Integrated Circuits (MMICs) based on Fin Field
Effect Transistor (FinFET) Complementary Metal Oxide Semiconductor (CMOS), SiGe Bipolar CMOS
(BiCMOS), and SiGe Heterojunction Bipolar Transistor (HBT) platforms [31-33]. Further increases in
the communication range and data transfer rates are possible if the signal strength and baud rates are
increased beyond 1 W and 30 GHz levels. This, in turn, can be accomplished by replacing intrinsically
limited Si-based electronics with more capable A3B5 devices [34].

The radiophonic generation and processing of THz carrier signals are also considered promising.
Referring to Fig. 5(b), the I/Q modulation of the infrared frequency comb (IR-FC) components can be
used, followed by their summation and downconversion with the aid of a fiber-optic power combiner
(PC) and ultrafast photodiode (UF-PD). This approach enables the simple implementation of QAM
modulation, which is capable of providing a high data rate and high spectral efficiency. The coherent
reception of data signals at THz frequencies is possible within a simplified implementation scheme
that relies on the use of an envelope detector (ED) and subsequent digital signal processing. This
scheme enables the restoration of the phase of the original signal from the envelope measurements
and is a variation of the Kramers-Kronig (KK) receiver. Its application made it possible to achieve
the highest data transfer rate, namely, 115 Gbit/s for a 110 m channel [35], demonstrated for wireless
D-band communications. The choice of ED technology in the KK receiver scheme affects the resource
intensity of the transmitter/receiver fabrication and operation. In addition, it affects the complexity
of generalizing the algorithm for digital processing at Rx back-end which ensures high-speed data
transfer, with a low error rate.

We propose combining the features of electronic and photonic integrated circuits (ePICs) to
facilitate the creation of an ultrawideband I/Q mixer that is compatible with the GaAs-on-Si platform.
Our GaAs-on-Si I/Q mixer utilizes a multistage Y-junction-based power distribution network (PDN) to
couple LO and carrier signals with I/Q mixing elements. The PDN was implemented in a 500 um thick
high-resistivity Si by creating a perforated dielectric structure exhibiting permittivity anisotropy and
pronounced single-mode propagation paths [36]. Propagating THz was delivered to two diode-loaded
tapered slot lines (TSLs) implemented on top of the single-mode waveguides of the PDN. To improve
the coupling, the waveguides were terminated using a pair of distributed Brag reflectors. The I/Q
control and readout signals are delivered through 2 50-Ohm slot lines connected to the rear ends
of the TSLs. The diodes rely on the n+/n/etch-stopper/handle GaAs heterostructure, enabling face-
down attachment to the Si wafer with further removal of the handle and etch-stopper layers before
structuring the n/n+ bilayer [37]. To reduce the parasitic capacitances in the diode intrinsic circuitry,
a gamma-shaped anode-suspended bridge can be implemented [38].

The expected performance and technological feasibility of the proposed ePIC for a D-band I/Q
mixer were assessed in [39]. The performance simulations use numerical S-parameter analyses
similar to those described in detail elsewhere [40].

The developed PDN of the mixer ePIC utilizes a constant waveguide cross-section of 0.291, x 0.231,
along all the single-mode propagation paths. In turn, the circular segments of the integrated
Y-junctions have radii of curvature of 0.691, with A, presenting a free-space wavelength of
electromagnetic radiation. To implement a 90-degree lag in the phase required for quadrature up-
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Figure 6. Properties of inner and outer glass elements of the office

and down-conversions, two straight waveguide sections of different optical lengths are incorporated
into the Y-junction adjacent to the LO input. Such a geometry in the first-run design ensures 7-8 dB of
insertion losses for the LO and carrier signals including 1.5 dB intrinsically attributed to the transitions
from PDN single-mode waveguides to diode-loaded TSLs. The corresponding reflection losses reach
28 dB whereas the isolation exceeds 13-16 dB. For carrier frequencies between 135-145 GHz, a phase
difference of 89 + 5 deg and an amplitude imbalance close to 1 dB were maintained between the I and
Q mixing elements. In terms of packaging, the mixer is compatible with the WR6.5 waveguide at the
UG387 flange as an input-output LO/carrier signal interface. A coaxial SMA/SMP interface was chosen
for the control and readout of the I and Q states. On-chip integration with V/Q-band GaAs Schottky
diode frequency multipliers [41] was also possible. Moreover, given the technological robustness of
integrated Si photonic crystals of up to a few terahertz [40, 42], the feasibility of the design for D-band
operation is evident. Prototyping and a detailed inspection of the forecasted mixer performance at
110-170 GHz are among our future plans.

4.2. Reflection-aided channels

Given the severe attenuation by high-humidity outdoor environments and the limitation of available
carrier power, D-band 6G systems have been widely proposed for indoor ultra directional data
links. However, such deployments are characterized by occasional distortions of the wireless signal
upon interaction with moving users or static furniture-filling premises. Knowing the radiophysical
properties of construction materials, one can find a sweet spot for placing a pencil-beam transmitter
to meet the desired needs of single- and multi-user scenarios. For instance, as shown in Fig. 6, the
same inner and outer flat glass elements typical of modern workspaces can effectively behave under
the deployment of either LoS or reflection-aided links if the carrier frequency is shifted by 2-5% only.

Using the THz reflectometry together with characteristic matrix (CM) analysis of layered dielectric
media [43], we extracted the complex permittivities of widely used construction materials, including
flat glass, drywall, and aerated concrete [44]. We experimentally assessed the accuracy of the Fresnel
equations (FE) and found that pronounced self-interference may potentially lead to an increase in
calculation error up to 14.4-29.1%. The accuracy of FE was quantified using the normalized mean
squared deviation (NMSD) of the calculated reflectances from their frequency profiles forecasted
by permittivity-based CM analysis. A comparison was performed for s- and p-polarized signals in
the frequency range of 130-160 GHz with the angle of incidence approaching Brewster’s angle. As
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Table 2
Material-dependent accuracy of reflectance calculations via FE

Type of material | Permittivity | NMSD(s) | NMSD(p)

Glass 7.23+0.22i 0.012 0.065
Drywall 2.63+0.026i 0.144 0.291
Concrete 1.9+0.017i 0.002 0.003

Figure 7. A 1k+ pixel static RIS for D-band operation

can be observed from Tab. 2, the accuracy is insufficient for precise channel modeling at the system
level, and hybrid propagation models [45] must account for interference effects when scattering off
furniture is considered.

As discussed earlier, the D-band wireless data links of 6G networks are vulnerable to dynamic
signal blockage and user micromobility. This feature has an intrinsic nature and is attributed to the
extreme directionality of the antenna elements at both the BS and UE operated at carrier frequencies
of approximately 150 GHz. Efficient pencil-beam propagation management must be relied upon
to eliminate signal fading and potential connection failure. Thus, a smart antenna environment is
proposed as a promising solution to meet the demands of ultrawideband and stable communications
in the D-band or beyond.

RIS-aided D-band communication technologies are expected to be deployed in three logical steps,
starting with the adoption of static RISs by the 5/6G architectures with their further replacement
by semi-static and dynamically controlled RIS modules. Although continuous beam steering with
a wide angular field of view is attractive, practical systems are also seriously judged by their cost and
operation efficiencies. Thus, technologically robust multi-state fast-beam steerers are of particular
interest to commercial system developers.

Fig. 7 shows an image of a static RIS designed for operation at 150 GHz. It relies on a 140 um thick
quartz wafer with a two-sided metallization system. The rear side metallization was implemented
in the form of a wafer-sized circular screen that acted as a ground plane. The front side is covered
by a spiral-based periodic array structure with uniform amplitude and spacing, which utilizes more



194 DCM&ACS. 2024, 32 (2), 181-201

Incident Gaussian beam, Incident plane wave,
k-vector

Non-specular Non-specular

/ reflected beam . / reflected beam

\oltage-driven unit cells

0 15 3 (mm)

(a) 2-bit RIS: electronic 16px cell

0 1 2 (mm)

(c) 2-bit RIS: embedded tuning diodes (d) 1-bit RIS: embedded tuning diodes
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than 1000 (1k+) identical elements. The array phase increment of 120 deg results in a deflection angle
of 50 deg as compared to the case of specular reflections. This design ensures operation at angles of
incidence within +75 deg supporting both linear and circular polarizations. The reflection losses
were below 1 dB and the cross-polarization level was —24 dB. This performance is in good agreement
with the simulation results. The simulation sequence relies on numerical Floquet port analysis and
analytical beam profile construction via the array factor method. The fabricated RIS sample was
successfully used for the non-distortive repetition of a 6 deg wide Gaussian beam, as reported in
detail elsewhere [46]. The developed passive platform is well-suited for further integration with
lumped tuning elements. These elements, in turn, need to ensure system reconfiguration speed
on a microsecond scale when dynamically controlled RISs are considered. This can be achieved by
using high-speed transistors or diode electronics, which greatly outperform low-speed devices based
on microelectromechanical systems, liquid crystals, and phase change materials [47]. However, the
latter demonstrates acceptable speed and repeatability upon state cycling [48]. This makes them
attractive candidates for power-efficient semi-static RIS modules.

In the THz research community, GaAs planar Schottky diodes (PSDs) are well recognized for their
excellent performance as frequency multipliers and mixers in practical high-resolution spectral
instruments [41]. Fig. 8 provides examples of their use as tuning elements in multi-state dynamic
RISs designed for D-band operation. The design shown in Fig. 8(a) was inspired by the award-
winning 2-bit RIS, supporting the linear and circular polarizations reported in [49]. The 2 major
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modifications are introduced by us to make it technologically robust and well-suited for MMIC
implementation [50]. First, the air gap under the patch-carrying upper substrate was eliminated. We
also replaced the substrate with a lower-permittivity material, namely, 100 um thick polyethylene
(PE) film, to maintain proper electrical spacing to the metallic (Me) slotted screen with built-in
diode elements. These elements were originally presented by positive-intrinsic-negative (PIN) diodes
exhibiting performance degradation in the D-band. Thus, we replaced them with PSDs, whose
junction transport properties were incorporated into the parameterized unit cell hybrid model
through a voltage-dependent admittance, Y(V}):

_ QeNg
z(lpbl Vb)

Physical quantities attributed to the typical diode layered structure and operating regimes are
tabulated along with the description of an auxiliary ABCD-matrix math in [51]. Regarding the RIS
structure, the Me screen was implemented on top of a back-metalized 140 um thick quartz wafer. Our
first-run prototyping with beam pattern measurement at 150 GHz confirmed a simulated reflection
loss of 2 dB. Moreover, we measured a far-field beamwidth of 2.5 deg for the developed 16-pixel (16px)
passive platform illuminated by a 6 deg wide Gaussian beam. Although the design is intrinsically
compatible with the GaAs-on-quartz platform [37] of PSDs, we found that the fabrication tolerances
were quite tight in terms of the radiophysical properties of the integrated RIS structure. Thus, we
have revised this by Fig. 8(b).

The revised RIS has 1-bit elements represented by GaAs quarter-wave photonic crystal cells
integrated with PSD-loaded tapered slot lines. The elegance of this solution is related to the use
of a GaAs wafer-thick RIS structure without mechanical lapping or substrate transfer onto a low-
permittivity wafer upon fabrication. Using the developed structure as part of a reconfigurable
metasurface, one can implement reflective and refractive angular scanning within 60° with signal
attenuation on a decibel scale.

Our simulations were strengthened by the MMIC fabrication and RIS operation developments.
Scanning electron microscopy (SEM) images of the fabricated nonlinear tuning elements for the 1-
and 2-bit RIS designs discussed above are shown in Fig. 8(c)-(d). They rely on Schottky contacts with
at the diameter d; = 3 um implemented at the interface of Ti/Pt/Au and n-GaAs, which are doped by Si
to the dopant level Ny = 4 x 10~!7 cm3. The developed fabrication process provided an ideality factor
n = 1.5, saturation current I; ~ 10 pA, and series resistance R; ~ 15 Ohm. Only two direct current (DC)
control lines per row are required to implement planar angular scanning in both the proposed designs.
Moreover, in the case of a 1-bit RIS circuit, it is sufficient to use a dual-channel digital-to-analog
converter (DAC), controlling odd and even pairs of rows connected in parallel. For non-specular
reflective beam steering, a DC bias voltage of 1 V must be delivered to them out-of-phase. In-phase
biasing or no bias ensures specular reflection. The fabricated 64-element MMIC of a 140-150 GHz
1-bit RIS demonstrates decent stability when operated directly by a field-programmable gate array
(FPGA) board equipped with a digital user interface and 2 50 MHz DAC channels. The normalized
Allan variances were equal to 1 X 1078 and 4 x 107 at integration times of 20 ms and 1 s, respectively.
The consumed DC power is 13.7 mW, which corresponds to 219 mW when the number of RIS elements
is increased to 1024. Such performance is on par with the power efficiency of D-band integrated
transceivers relying on the SiGe BICMOS platform [32]. It is also worth noting that the design bears
structural similarity to the varactor-embedded reconfigurable metasurface recently proposed for
X-band reflection-aided channels [52]. Thus, continuous beam steering can be implemented after
minor tunings.

Y(Vb)— d <I exp(vt) I>+lcoﬂd2
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5. Conclusions

The THz frequency band is commonly considered an enabler for 6G communication systems.
However, in addition to promises to deliver even more bandwidth to the air interface compared to
mmWave 5G, it also brings novel challenges related to system design.

This paper aims to report on the current state-of-the-art channel characterization and
communication system design. With respect to the former, we summarized recent results related
to characterizing the dynamic human blockage and micromobility dynamics in LoS and nLoS THz
channels. Then, we highlighted the challenges and discussed progress in electronics development,
including the development of RIS intended for blockage avoidance in reflection-aided THz links.
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AHHoTauus. Ha TeKyiuii MOMeHT cTaHzapTu3anus cucreM 5G HoBoe Paguo, paboTaomux B Auamna3oHe 9acToT
MUKPO- ¥ MIJIIIMETPOBBIX BOJIH, 3aBepllieHa. Ficcies0BaTe bCKOe COOBIIeCTBO, CTaHAAPTU3ULIUPYIOLITe
OpraHu3alyy U IPOU3BOAUTENHN 000PYAOBAHNSA HAYNHAIOT PeIIaTh BOIIPOC O TOM, KAKOH MOXKET WM [OJIK-
Ha OBITh cucTeMa CBA3H 6G. XOTsS TeXHOJIOTHYEeCKHe 0OCOOEHHOCTH BCe ellle HaXOASITCS Ha paHHeH CcTauu
paspaboTKu, CyIIeCTByeT o0liee MHEHIE, YTO 9TU CUCTEMBI GYAYT UCII0Nb30BaTh HIDKHIOK YaCTh Teparepro-
BOTO AuamasoHa, 100-300 I'Tu. DTOT Auana3oH co3faeT psj crenubudeckux npobieM Ajis pa3spaboTINKOB
CHCTeM, BKII0Yas 3O (dEeKTH], CBA3aHHbIE C XapaKTEePUCTHKAMU KaHaila, a TAKXKe KOHI[eNTyaJlbHO HOBble Tpebo-
BaHUA K 9JIEKTPOHUKe. LleIbio JaHHO CTaThU SABASETCS 0630p TEKYIIEr0o COCTOSIHYISI UCCIeLOBAHI B 061acTu
olpeziesieHNs XapaKTePUCTHK KaHAJIOB U IPOEKTUPOBAHIS CUCTEM CBSI3U. B OTHOIIEHNY IIEPBBIX MbI OyZeM
paccMaTpuBaTh JUHAMUYECKYIO OJI0KMPOBKY IIyTell paclpoCTpapeHus CUTHAIA TeJIOM YeloBeKa U 3 deKT
MHKPOMOOMIBHOCTD. C TOUKY 3peHHsI CUCTEMHOTO YPOBHS, MbI KOHI[EHTPUPYEMCS Ha YCTPOMCTBAX JJIS CXEM
IIPSIMOTo IIpeobpa3oBaHs U pa3paboTKe TaK Ha3blBAeMbIX PEKOHQUTYPUPYEMBIX HHTE/IEKTya IbHbIX II0BEPX-
HOCTel, KOTOpBIE IOTEHIUATbHO MOTYT CIyKUTh 9KOHOMUYHBIM METOJOM yCTPaHEeH!Us GIIOKUPOBOK.

KniouyeBble cnoBa: TepareploBblil Auama3oH, 6G, OJIOKUPOBKA, MHKPOMOOWJIBHOCTb, SKCIIEPHMEHT,
KOTepeHTHasl CBs3b, INpsIMOe IpeobpasoBaHUe, PeKOHDUTYPUPYeMsl HHTeJJIeKTyalbHas IOBEPXHOCTH



