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Abstract—Sub-terahertz (THz) communication is envisioned
as one of the key components for 6G because of the abundantly
available spectrum resource. Accurate and efficient channel
models are prerequisites for developing sub-THz communi-
cation systems. Due to the sparsity and more ray optics
propagation characteristics of the sub-THz channel, determin-
istic Ray-Tracing (RT) has attracted much attention for sub-
THz channel modeling, which shows the potential of reducing
the simulation complexity yet maintaining the accuracy. This
paper presents an implementation of RT for sub-THz channel
modeling and demonstrates its performance based on sub-
THz channel measurements. A virtual massive multiple-input-
multiple-output (MIMO) channel operating at 100 GHz and
a double-directional 300 GHz channel are considered in the
RT implementation, where the RT achieves a high similarity
compared to the channel measurements in terms of channel
impulse response and power angular spectrum. Besides, the
near-field and spatial non-stationary properties of the sub-
THz massive MIMO channel and the dominant multipaths of
the 300 GHz channel are accurately reconstructed in the RT
simulation. This work can provide insights into deterministic
sub-THz channel modeling research from the implementation,
evaluation, and challenges perspectives.

Index Terms—Sub-terahertz, Ray-Tracing, channel measure-
ment, channel modeling.

I. INTRODUCTION

In pursuit of more bandwidth and high data rate trans-
mission in applications nowadays, researchers have started
to exploit the sub-terahertz (sub-THz) band for wireless
communications. Sub-THz communication offers abundant
spectrum resources, making it highly attractive for various
application scenarios, such as sixth-generation (6G) short-
range cellular communication, and sensing applications [1]–
[6]. However, the sub-THz channel exhibits different channel
properties compared to lower frequency bands, e.g., sub-6
GHz bands. The sub-THz channel experiences significant
propagation loss due to high free-space path loss and notice-
able atmospheric molecular absorption [7]–[9]. To compen-
sate for this loss and accommodate the power limitations of
current sub-THz transceivers, high-gain directional antennas
should be employed at the transmitting (Tx) or receiving
(Rx), or both sides.

The channel models can be categorized into two types
i.e.: statistical and deterministic. The statistical models rely
on channel measurements to obtain adequate channel data.
Directional scanning schemes (DSSs) [10]–[14] or virtual

large-scale antenna arrays [15] are used in the channel
measurement at such high-frequency bands, which makes
the channel measurements more time-consuming. So far, no
standard statistical channel models have been developed. As
for deterministic models, Ray-Tracing (RT) is a promising
simulation approach [16]–[18]. Only a handful of RT val-
idations were reported in the literature. Sub-THz channel
measurements and RT simulation were conducted in the
indoor office and meeting room scenarios in [19], [20]. Both
of the RT results show a good agreement with the measure-
ment results. Besides, in [21]–[23], channel measurements
were conducted in vehicular scenarios, e.g., intrawagon and
vehicle-to-infrastructure scenarios, the measurement results
were utilized to validate RT and then the RT simulation was
extended to various combinations of transmitter deployments
and scenario conditions. With the lack of material properties
and understanding of propagation mechanisms in sub-THz
bands, the accuracy of the RT is limited [24]. Besides,
with the wavelength of the sub-THz bands approaching the
millimeter level, the digital map of the scenario is required
to be more precise for accurate RT simulation, which in-
creases the computation complexity. However, the sub-THz
channel shows to be sparse and specular, only with a few
dominant propagation paths, and the paths are susceptible
to blockage in state-of-the-art works [21], [25], [26]. With
these phenomena, the site-specific RT method can be utilized,
which reduces the simulation complexity while maintaining
accuracy.

In this paper, an RT-based deterministic method is pre-
sented for sub-THz bands. Besides, channel measurements in
two different indoor scenarios, i.e., a clean room and a big
hall, are conducted to calibrate and validate the RT simulation
results. Good agreements are observed in the comparison
between the measurement results and the RT results, which
demonstrates the effectiveness of RT at sub-THz bands.

The rest of the paper is organized as follows: Section II
describes the measurement scenarios, channel sounder, mea-
surement configurations, and RT settings. The measurement
results and RT simulation results are presented and analyzed
in Section III. Section IV draws the conclusions.
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II. MEASUREMENT CAMPAIGNS AND RT SIMULATIONS

We conducted sub-THz channel measurements and corre-
sponding RT simulations for experimental validation. Two
typical indoor scenarios, i.e., an empty room and a big hall,
were considered. In the room scenario, a massive multiple-
input-multiple-output (MIMO) channel at 100 GHz was
measured with the virtual antenna array (VAA) scheme and
then was simulated by the RT. In the big hall scenario, a sub-
THz channel at 300 GHz was measured with double DSS
(DDSS) and then was simulated by the RT. Finally, results
from the measurements and simulations will be compared to
evaluate the performance of RT simulations. This section will
introduce the measurement campaigns and RT simulations in
the following.

A. Measurement Campaigns

The measurements were conducted at Aalborg University,
Denmark. Fig. 1 illustrates the room scenario, where a sub-
THz massive MIMO channel measurement at 100 GHz and
a corresponding RT simulation are presented. The room is
in the dimension of 8.19× 4.78× 3.1 m3. A virtual antenna
array (VAA) was formed as the Rx by using a rotator, where
a uniform circular array (UCA) with a diameter of 1 m and
2400 elements was realized. A single antenna was employed
as the Tx. The VAA measurements require a coherent phase
performance over all the array elements. Thus, a phase-
compensated vector network analyzer (VNA)-based channel
sounder (in the top of Fig. 3), which has a stable system
phase and can support phase-coherent measurements, was
used in these measurements. Readers can refer to [15] for the
detailed principle and performance of the channel sounder.
The VNA is set to sweep from 95 to 105 GHz with 6001
frequency points and 500 Hz IF bandwidth, which results
in a delay resolution of 0.1 ns and a maximum detectable
distance of 180 m. Identical omnidirectional antennas with
4.5 dBi antenna gain were applied to both the Tx and Rx.
The distance between the Rx UCA center and the Tx was
6.5 m, and the antenna height was 1.25 m. A metallic board
with a length of 0.57 m was placed between the Rx array
and Tx, which would lead to the blockage of the line-
of-sight (LoS) path for partial array elements. This setting
aims to significantly observe the spatial-non-stationary (SnS)
phenomenon in the sub-THz massive MIMO channel. Fig. 1
(bottom) illustrates the RT simulation for the scenario, whose
details are described later. As shown, a room with the same
dimensions as the real world was built in the RT simulator.
Objects in the room, including doors, an elevator, radiators,
floor, and ceiling were reconstructed as well.

The big hall scenario is in dimensions of 60×20×10 m3.
As shown in Fig. 2, a DDSS-based sub-THz channel mea-
surement at 300 GHz and a corresponding RT simulation
were conducted. In the measurement, a radio-over-fiber
(RoF)-enabled VNA-based sounder [25] (in the bottom of
Fig. 3) was utilized to measure the channel. The frequency
sweeping range is 299-301 GHz in the VNA with 1001
frequency points and 2 kHz IF bandwidth. Two rotators were
used to realize the DDSS of the channel, where two standard

Tx
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Metallic 

Board

UCA

Rotator

VNA

r=0.5m

Tx

Rx

Fig. 1. The room scenario. A photo during the measurement (top) and
illustration of RT simulation (bottom).

gain horn antennas with 26 dBi antenna gain mounted at the
rotator centers were rotated to spatially scan the electromag-
netic environment. The Tx is set to rotate from -90◦ to 90◦

with 4◦ rotation step, while the Rx rotates from -180◦ to
180◦ with 4◦ rotation step. Note that the scanning direction
is specified in Fig. 2 (bottom). The distance between the
Tx and Rx was 4.2 m. Fig. 2 (bottom) illustrates the RT
simulation in the big hall scenario. As shown, the scenario
with the same dimensions and objects as the real world was
built in the RT simulator.

TABLE I
MEASUREMENT SETUP

Scenarios Indoor room Big hall
Frequency (GHz) 95-105 299-301

Antenna type Omni Horn
Antenna gain (dBi) 4.5 26

Antenna HPBW (deg) – 8
Tx rotation range (deg) – [-90:90]

Tx rotation resolution (deg) – 4
Rx rotation range (deg) [-180:180] (VAA) [-180:180] (DSS)

Rx rotation resolution (deg) 0.15 4

B. RT Simulations

In this paper, a commercial RT simulator, Wireless InSite
[27], was used for the RT simulations. The simulator has
been widely used and experimentally validated in millimeter-
wave frequency bands. In the simulations, the ray tracer
was set to be limited to 4 reflections, 1 diffraction, and 1
penetration after considering the simulation complexity and
accuracy. Note that we only focus on several multipaths
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Fig. 2. The big hall scenario. A photo during the measurement (top) and
illustration of RT simulation (bottom).
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Fig. 3. Channel sounders built for the measurements, including the one
operating at 100 GHz in the room scenario (top) and the one operating at
300 GHz in the big hall scenario (bottom).

with the strongest power in the simulations, since sub-THz
communication will mainly rely on those dominant paths for
data transmission as discussed.

As mentioned before, the real-world scenarios were pre-
cisely reconstructed in the simulator. In the room scenario,
the same configurations as the measurement, e.g., the adopted
omnidirectional antennas, operated frequencies, and band-
width, were used for the simulation. The material parameters
of objects were set according to the International Telecommu-
nication Union (ITU) recommendations P.2040 [28], which
provides material information for 0.001-100 GHz. Regarding
the Rx array, 2400 elements were separately constructed in
the simulator and a brute-force RT simulation was performed.
Note that this method can realistically capture the near-field
(NF) and SnS properties of massive MIMO channels [29], yet
its process uses a lot of computational power and it is time-
consuming. In total, the simulation took around 10 hours to
complete the calculations for all VAA elements.

The same big hall scenario was reconstructed in the RT
simulation, as shown in Fig. 2 (bottom). Most simulation
configurations were the same as the measurement, includ-
ing the frequency, Tx-Rx positions, height, etc. However,
instead of directional antennas used for DSS measurements,
two isotropic antennas were adopted as the Tx and Rx,
respectively, to directly detect the spatial channel in the
simulation. The simulated frequency was set to 300 GHz.
Since the existing material documents, such as ITU-R P.2040,
have not accurately covered 300 GHz, a calibration process
on material parameters based on the measurement results
was performed for the simulation. The material parameters
were first set as that for 100 GHz according to ITU P.2040
and then were tuned by comparing the simulated paths
and measured paths that interacted with objects. After the
calibration process, a complete RT simulation at 300 GHz in
the big hall scenario was performed.

III. RESULTS AND ANALYSIS

This section presents and compares results obtained from
the measurements and RT simulations in the two scenarios.

A. Indoor Room Scenario

Fig. 4 shows the channel impulse responses (CIRs) across
antenna array elements in the indoor room scenario. The
CIRs were obtained by performing an Inverse Discrete
Fourier Transform (IDFT) on channel frequency responses
(CFRs) that were collected by the VNA for each element.
As shown from the measurement result i.e., Fig. 4 (top), the
noise floor is around 105 dB. Multipaths are detected with an
’s’-like curve in the element axis. It is due to the NF effect
introduced by the large-scale array and ultra-wide bandwidth,
where a path impinges with significantly different delays
across array elements. Besides, several paths, are observed
with the partial curve in the element axis, which means the
paths have different responses to elements in different spatial
locations. It is a result of the SnS property of the massive
MIMO channel. For instance, it can be observed that the
LoS path has an incomplete trajectory in the array axis, as
a metallic board was set to block the LoS path for some
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Fig. 4. CIRs across elements in the room scenario, obtained from (top) the
measurement and (bottom) the RT simulation.

elements as mentioned before. To capture those properties
and experimentally validate the RT simulation, three paths
are specifically marked in the figure. The path parameters
are presented with one element as the reference.

A high similarity between simulated CIRs and measured
CIRs is observed in Fig. 4. In the simulation results, i.e., Fig.
4 (bottom), multipaths are generated with the same ’s’-like
curve as that in the measurement. Besides, the SnS multipaths
that have partial trajectories in the array axis are well
reconstructed in the simulation. Those results demonstrate
that the RT is able to capture the NF and SnS properties
in the massive MIMO sub-THz channel. Moreover, corre-
sponding to the measurement result, three multipaths are also
marked with the parameters. It can be found that the RT can
accurately simulate those multipaths in the sub-THz channel,
where the path parameters are reconstructed with errors up to
0.1 ns and 0.3 dB in delay and power, respectively. Moreover,
propagation trajectories of those paths are presented in Fig.
1 (bottom), which shows the paths’ interactions with the
environment and also further explains the SnS phenomena
of the paths. Those results validate the RT ability for sub-
THz massive MIMO channel modeling.

B. Big Hall Scenario

Fig. 5 illustrates the power angular spectrum (PAS) of the
300 GHz sub-THz channel in the big hall scenario, which
shows the power distribution of the channel with angles of
arrival and departure. Note that the PAS in the measurement
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Fig. 5. PAS of the sub-THz channel in the big hall scenario, obtained from
(top) the measurement and (bottom) the RT simulation.

result was obtained by adding up the power of measured
CIR at all delay bins. In the measurement result, i.e., Fig.
5 (top), it can be observed that the power of the channel
is mainly distributed on a few angles. Correspondingly, 5
dominant multipaths were estimated from the measured CIRs
at those angles. The estimated paths are then marked in the
figure.

Fig. 5 (bottom) shows the RT simulation result for the sub-
THz channel. Note that we only focus on several dominant
multipaths in this RT simulation as mentioned before. As
shown, 5 paths are simulated in the simulation result, which
matches with the measurement result well. Specifically, errors
between the measured paths and simulated paths are within
1.8◦, 0.7 ns, and 0.7 dB in terms of the angle, delay, and
power, respectively. Those results show the ability of RT for
the 300 GHz sub-THz channel modeling.

IV. CONCLUSION

This paper aims to experimentally validate the RT sim-
ulation for sub-THz channel modeling with measurements
in two scenarios. In the indoor room scenario, a massive
MIMO sub-THz channel at 100 GHz with 1 m length of
array aperture and 2400 elements was measured with the
VAA scheme and then simulated by the RT. A good similarity
between the measured CIRs and simulated CIRs is realized,
and the channel NF and SnS properties observed in the
measurement are realistically captured by the RT simula-
tion. In the big hall scenario, a double-directional sub-THz
channel at 300 GHz was measured via the DDSS scheme
with two rotators. Then, an RT simulation was conducted
with the same scenario reconstructed. To obtain the material
parameters at 300 GHz for the simulation, a calibration
process on the materials based on the measurement result
was performed. Several dominant multipaths were detected in
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the PAS in the channel measurement, and the RT accurately
reconstruct those multipaths. Specifically, the errors between
the measured paths and simulated ones are within 1.8◦, 0.7
ns, and 0.7 dB in terms of the angle, delay, and power,
respectively. Those results validate the ability of RT for the
sub-THz channel modeling. Nevertheless, some difficulties in
RT simulations for sub-THz channel modeling, such as high
simulation complexity for massive MIMO and the lack of
material information at high frequencies, are also discussed
preliminarily. This paper provides insights into deterministic
sub-THz channel modeling research.
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