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Abstract—Ultra-wide bandwidth (BW) available at terahertz
(THz) and sub-THz frequencies makes these bands interesting
for wireless communication systems. A large BW at the sub-THz
frequency band offers a promising solution for applications with
short-range and high data rate requirements. Since the provi-
sion of high-speed computational systems, deterministic channel
models have been extensively used for indoor field prediction and
radio channel characterization, especially for high frequencies
i.e., millimeter wave (mmWave) and sub-THz frequencies. We
have developed an in-house built ray tracing (RT) tool, capable of
characterizing a radio channel with good accuracy and precision.
The aim of this paper is to validate the power angular spectrum
(PAS) acquired through our RT tool with the measurement
data at sub-THz frequencies of 90, 95, and 100 GHz, in both
line-of-sight (LOS) and non-LOS (NLOS) University corridor
environment. A photonics-based measurement setup with high
accuracy is utilized for generating the sub-THz signal, and
for acquiring the measurement data. In addition to the PAS,
other channel metrics considered for the analysis through RT
simulations are root mean square delay spread (RMS-DS) and
RMS angular spread (RMS-AS) in an azimuth plane. The results
presented in this paper show that our in-house built RT is capable
of providing considerably good agreement between the measured
and simulated PAS in both LOS and NLOS states.

Index Terms—Measurements, simulations, power angular spec-
trum, ray tracing, terahertz, THz, sub-THz, indoor.

I. INTRODUCTION

The frequency spectrum available at sub-6 GHz band can be
considered a suitable choice for providing large coverage, and
for supporting data rate of several Gbps. Whereas millimeter
wave (mmWave), sub-terahertz (sub-THz), and THz band
have ample free bandwidth (BW) and offer a solution for
applications with short or medium range and massive data
rate requirement [1]. Especially, the sub-THz frequency band
around 90-100GHz can be effectively used for wireless access
in ultra-dense indoor small cell deployments e.g., in the living
room, conference room, office corridor, data center, etc. To
design an efficient and working system at sub-THz band, it is
critically important to have a better understanding of the prop-
agation mechanism at targeted frequency bands. Deterministic
channel models such as ray tracing (RT) have been widely used
for estimating the path loss, finding the coverage, and char-
acterizing the radio propagation channel [2]–[4]. Ray tracing
simulations have several advantages as it is comparatively easy
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Fig. 1. Illustration of the measurement setup.

and fast to generate accurate channel models with considerably
less effort with RT than performing actual measurement [5].
Furthermore, RT offers more flexibility in terms of time and
resources. However, a detailed and proper description of the
environment, floor plan with fine details, and exact information
about the position of the user, and furniture is required by the
RT tool for accurate and precise prediction [6], [7]. In the case
of an indoor environment with line-of-sight (LOS), the main
propagation mechanisms are specular reflection, diffraction,
and diffuse scattering [1]. In literature, most of the available
studies are for LOS channels in a sub-THz band, and adequate
research work is not done for non-LOS (NLOS) channels [5],
[8], [9]. In our previous work, the focus of the study was
the LOS scenario. However, in this research study, we aim
to validate 3D RT simulation results acquired through an in-
house built RT tool with the measurement data, especially in
the NLOS indoor environment.

II. MEASUREMENT SETUP AND SCENARIO

Fig. 1 illustrates the measurement setup used for the gen-
eration and detection of the signal at considered sub-THz
frequencies of 90, 95, and 100GHz. A similar measurement
setup is used in our previous work [9], where the focus
was only on LOS cases. At the transmitter (TX) side, a
photonics-based technique is employed for the generation of
RF carrier wave frequency fC . With such system it is easy to
tune over a wide range of frequencies using the same set of
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Fig. 2. Radiation pattern of, (a) TX antenna at 90 GHz, (b) RX antenna at 90 GHz, (c) TX antenna at 100 GHz, (d) RX antenna at 100 GHz.

TABLE I
PARAMETERS OF TX AND RX ANTENNA.

TX RX
Max HPBW HPBW Max HPBW HPBW
gain Vert Horz gain Horz Horz
[dBi] [◦] [◦] [dBi] [◦] [◦]

90 GHz 10.98 50.5 50 26.77 7.7 8.5
95 GHz 11.48 48 47.5 27.24 7.7 8.5
100 GHz 12.58 45.5 45 27.62 7.7 8.5

components, and it offers the possibility to carry the RF signals
over large distances. However, frequency tunability is diffi-
cult to achieve with conventional electronics. In conventional
optical heterodyne technique, two free-running continuous-
wave (CW) lasers are used, and therefore there is considerable
frequency instability [10]. Whereas, in our measurement setup,
the external modulation technique [11] is employed to stabilize
the frequency of a carrier wave signal.

At the TX, a CW tunable laser source (TLS, Sacher
Lasertechnik TEC-520-1550-030) operating at 1550nm band
is used to generate an optical carrier λ0, and that is then fed
into a 50GHz electro-optic amplitude modulator (EOAM). An
external commercial signal generator (Keysight E8257D) is
used for modulating an optical carrier λ0 with an RF signal
fRF . The optical carrier λ0 is suppressed by biasing the
EOAM. The targeted carrier frequency fC corresponds to the
difference between the upper and lower sidebands i.e., 2fRF .
With this technique of signal generation, the stability and the
phase noise of the generated signal are directly related to that
of the signal source. The signal fC is amplified in an optical
domain by an erbium-doped fiber amplifier (EDFA, Amonics
AEDFA-PA-35-B-FA) and is carried over a 50m long optical
fiber to the TX module in the corridor. The optical signal
is converted into the RF domain by a PIN photodiode (U2T
XPDV4120R). The signal is radiated by a wide half-power
beamwidth (HPBW) horn antenna (WR-10). The radiation
pattern of the transmit antenna in azimuth and elevation planes
changes considerably with the frequency of operation. For
reference, the horizontal and vertical radiation pattern of the
transmit antenna at 90GHz and 100GHz are shown in Fig. 2(a)
and Fig. 2(c), respectively. Different parameters of the TX and
RX antennas i.e., max gain, and the HPBW in the azimuth and

TABLE II
RECEIVER POSITIONS RELATIVE TO THE TRANSMITTER

Position x [m] y [m] Distance [m]
P1 0 4.4 4.40
P2 0 7.2 7.20
P3 0 7.0 7.00
P4 2.4 6.7 7.17
P5 -1.4 6.7 6.82
P6 -2.1 6.7 7.02

elevation plane are given in Table I. A calibrated electronic
harmonic mixer is used to accurately measure the generated
RF power PTX before transmission.

At the receiver side, a high-gain horn antenna (Anteral
SGH-26-WR10) with narrow HPBW is used. The radiation
pattern of the RX antenna in azimuth and elevation plane
at 90GHz and 100GHz is shown in Fig. 2(b) and Fig. 2(d),
respectively. The separation between the TX and RX module
is denoted by d in Fig. 1. A harmonic mixing technique is
used to detect the power PRX at the receiver (RX) side. With
the help of a commercial power-calibrated harmonic mixer
(R&S FS-Z110) the received signal at fC is down converted
to an intermediate frequency. At the end, the received power
is measured and recorded by the electrical spectrum analyzer
(ESA, R&S FSW50). The RX module is rotated 360◦ by
the automated motor in an azimuth plane to acquire PAS.
whereas, the step size for rotating the stage 360◦ is set to 5◦.
Power angular spectrum measurements were conducted at the
tee-junction of the University corridor, and the measurement
environment from one side of the tee-junction is shown in
Fig. 3(a). Whereas, a 3D model of the tee-junction of the
University corridor is shown in Fig. 3(b). We have measured
the PAS at six different positions. The locations of the TX
and RX points are shown in Fig. 3(b). Positions P1-P3 are in
LOS with the TX, whereas, the positions P4-P6 are located
deep in the other corridor, and are in NLOS with the TX. The
relative position of the RX points with respect to the TX, and
the point-to-point distance between the TX and RX point is
provided in Table II. The TX and RX antennas were 1m above
the floor level. The RF front-end modules were synchronized
and controlled from a remote location to ensure no physical
interruption in the measurement environment.
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Fig. 3. Measurement environment, (a) Actual, and (b) 3D model of a University corridor with TX and RX positions.

III. SIMULATION METHODOLOGY

This research work aims to validate an in-house built RT
simulation tool by comparing the measurement data collected
through PAS measurement with the simulation results acquired
through RT simulations. For this purpose, a campaign of RT
simulations was conducted for the measurement cases and sce-
narios discussed in Section II. To acquire realistic and definite
RT simulation results, a 3D model of the tee-junction of the
University corridor is used. A simulation environment was
modeled with accurate geometry and dimension, and furniture
like wooden closet and doors were included as shown in
Fig. 3(b). The RT tool provides the information about ray paths
between TX and RX point while considering the geometry of
the environment and other objects. Our indigenous-built RT
is able to capture LOS ray path along with ray paths with
a given finite number of reflections, diffractions, and mix of
reflections and diffractions, and paths with diffuse scattering
from the walls. In addition to the reflected and diffracted ray
paths from the walls, the RT simulation tool finds reflected
paths from the ground and ceiling. Due to the considered high
frequency of operation at sub-THz band i.e., 90-100GHz, we
have considered the ray paths up to two reflections and one
diffraction only. Moreover, in the case of NLOS scenarios,
due to high wall penetration loss at sub-THz frequencies,
the penetrated paths through the walls of the corridor are
not considered in our simulations. Furthermore, the general
parameters e.g., transmission power, frequency of operation,
azimuth, height, and downtilt of the TX and RX antennas, are
set in the simulations as were used during the measurements.
Subsequently, in the post-processing part of the simulation
data, the impact of TX and RX antenna radiation patterns is
considered. The radiation patterns of the TX and RX antennas
in the azimuth and elevation domains were obtained from the
manufacturers’ data sheets.

IV. RESULTS AND DISCUSSION

We have considered three radio channel characteristics i.e.,
power angular spectrum, root mean square delay spread (RMS-
DS), and root mean square angular spread (RMS-AS), for
this study. However, the measurement data is only available
for the PAS, whereas, the RT simulation results are obtained
for all three considered channel characteristics. As it can
be seen in Fig. 3(b) that the receiver positions P1-P3 are
in LOS, whereas, RX points P4-P6 are in NLOS with the
TX. Therefore, the PAS of LOS and NLOS receiver points
are analyzed separately. The RX position P1 is located at a
distance of 4.4m from the TX, and Fig. 4(a-c) show the PAS
of position P1 at 90, 95, and 100GHz, respectively. In Fig. 4,
the x-axis is the direction of arrival (DoA) at the receiver and
that is expressed in degrees, and the y-axis is the received
signal power in dBm. Maximum power is received while the
RX antenna is directed towards 270◦ in an azimuth plane i.e.,
facing towards the transmit antenna. Both the measurement
and simulation results show a strong reflected path coming
from the back wall of the corridor at DoA of 90◦. Not only in
the direction of the LOS path but also in other directions,
similar power levels were observed between the measured
and simulated results at all three considered frequencies. In
the case of position P2, the RX is located at a distance of
7.2m from the TX and is placed close to the back wall of the
University corridor as shown in Fig. 3(b). It can be seen in
Fig. 4(d-f) that maximum power is received in the direction
of incoming LOS path i.e., 270◦. However, in the case of P2,
there exists a much stronger reflected path in the DoA of 90◦

as compared with P1. It should be noted, that the RT simulator
quite accurately provides the received power level compared
with measurement data in the direction of LOS, however, in
case of strong reflection from the back wall, the received power
level provided by the RT tool is slightly pessimistic. Similarly,
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Fig. 4. Measured and simulated power angular spectrum of position, (a) P1 at 90 GHz, (b) P1 at 95 GHz, (c) P1 at 100 GHz, (d) P2 at 90 GHz, (e) P2 at
95 GHz, (f) P2 at 100 GHz, (g) P3 at 90 GHz, (h) P3 at 95 GHz, and (i) P3 at 100 GHz.

Fig. 4(g-i) provide PAS for position P3 at 90, 95, and 100GHz,
respectively, and P3 is located at a distance of 7m from the TX.
Again, the PAS acquired through an in-house built RT tool is
largely matched with the PAS obtained through measurements.

The receiver point P4 is in NLOS with TX and is located
at a point-to-point distance of around 7.17m on the right
side of the other corridor. Fig. 5(a-c) show the measured and
simulated PAS for P4 at 90, 95, and 100GHz, respectively. In
this case, as the LOS path does not exist, both measurement
and simulation data show that the strongest path reaching the
P4 point is a reflected path from the door at a DoA of 100◦.
Whereas, the second peak found at 250◦ is due to the diffracted
path from the corner of the corridor wall. The power of the
diffracted path estimated by the RT tool is slightly pessimistic
compared with the measured data. It should be noted that the
distance between the TX and position P4 is almost same as
between TX and P2. However, due to the absence of the LOS
path, measured and simulation results show that there is a
difference of around 12 dB between the maximum received
power at P4 compared with P2.

Similarly, location point P5 is in NLOS and is located at a
distance of around 6.82m on the left side of the corridor. It
should be remembered that a wooden closet is placed around
the corner of the corridor on the left side of the TX. Now,
Fig. 5(d-f) show the measured and simulated PAS for P5
at 90, 95, and 100GHz, respectively. Surprisingly, at three
considered frequencies, the PAS obtained through simulations
is found few dBs higher compared with the measurement data.
It appears that the simulated PAS is having an offset of a few
dBs with respect to the measured PAS. Later, it was found
during the investigation of the measurement equipment and
the measurement setup that the received power level degrades
by a couple of dBs in the case of slightly twisted cables, as
lower power is received at the photodetector. Therefore, it is
assumed that in the case of measured PAS for P5, there exists
some measurement error. This kind of problem highlights the
sensitivity of the measurement equipment and points out the
possibility of inducing errors in the measurement results due
to human negligence. Otherwise, both measured and simulated
PASs show that maximum power is received at a DoA of 80◦
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Fig. 5. Measured and simulated power angular spectrum of position, (a) P4 at 90 GHz, (b) P4 at 95 GHz, (c) P4 at 100 GHz, (d) P5 at 90 GHz, (e) P5 at
95 GHz, (f) P5 at 100 GHz, (g) P6 at 90 GHz, (h) P6 at 95 GHz, and (i) P6 at 100 GHz.

i.e., in the direction of the reflected path from the wall. Later,
two small peaks around 285◦ and 305◦ are due to diffracted
path around the corner and reflected path from the wall present
on the left side of the TX, respectively. Interestingly, similar
peaks are also captured by the measurement data at 95GHz.

Subsequently, Fig. 5(g-i) show the measured and simulated
PAS for P6, which is located at a distance of around 7.02m.
It should be noted that the location point P6 is located a
little deep in the corridor, such that a ray path with a single
reflection cannot be reached. A mix of measurement results
is achieved for P6, as in Fig. 5(g) the peak around 310◦ is
due to the diffracted path from the corner of a wooden closet,
and the peak around 70◦ is a mix of diffracted and reflected
path. Whereas, in Fig. 5(h-i) a diffracted path from the other
corner of the corridor around 340◦ is nicely captured by
both measurements and simulations. Simulation results show
that in the absence of LOS and paths single reflection, the
maximum received power level is considerably attenuated i.e.,
around 14 dB, for P6 compared with P5, however, both are
separated by a distance of just 0.7m. The results acquired

through measurements and RT simulations presented in Fig. 4
and Fig. 5 show that our in-house built RT is able to provide
reasonable accurate PAS in indoor corridor environment for
RX points in both LOS and NLOS state, given a precise floor
plan is provided.

Finally, Table III provides the measured and simulated re-
ceived power, along with the RMS-DS and RMS-AS acquired
through simulation, in the direction of the strongest incoming
path. In the case of LOS, the strongest incoming path is
the LOS path, whereas, in the case of NLOS condition, the
strongest incoming path can be any of the reflected, diffracted,
or path with a mix of them. It is found that the root mean
square error (RMSE) between the measured and simulated
received power level was limited to 2.6, 4.0, and 2.6 dB at 90,
95, and 100GHz frequency of operation, respectively. It should
be noted that this error includes the impact of the measurement
error which is induced most probably due to the twisting of
optical fiber as discussed earlier. It can be seen in Table III
that the received power level is attenuated by roughly 12 dB
when the RX point with similar distance move from LOS to
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TABLE III
SUMMARY OF RESULTS

Pos
90 GHz 95 GHz 100 GHz

Meas RX Sim RX DS AS Meas RX Sim RX DS AS Meas RX Sim RX DS AS
pwr [dBm] pwr [dBm] [ns] [◦] pwr [dBm] pwr [dBm] [ns] [◦] pwr [dBm] pwr [dBm] [ns] [◦]

P1 -56.3 -58.6 3.1 1.7 -56.7 -58.1 3.1 1.9 -57.0 -58.0 3.3 1.9
P2 -60.9 -62.9 5.1 1.0 -60.5 -62.4 4.9 1.2 -60.2 -62.3 5.3 1.5
P3 -60.6 -62.6 4.9 0.6 -60.7 -62.1 4.7 1.3 -60.9 -62.1 5.2 1.1
P4 -74.9 -75.5 0.1 1.1 -76.1 -75.1 0.1 0.9 -79.6 -75.2 0.1 1.0
P5 -78.5 -74.9 0.1 1.1 -81.3 -74.5 0.1 0.8 -78.5 -74.6 0.1 0.8
P6 -85.1 -88.7 0.4 1.4 -94.6 -88.3 0.4 1.2 -87.9 -88.4 0.3 1.2

NLOS state i.e., by comparing P2 and P3 with P4. Similarly,
the impact of the absence of a path with a single reflection can
be seen by comparing the power levels of positions P5 and P6,
as the received power level is further reduced by around 13 dB.
Additionally, it should be noticed that for LOS location points
i.e., P1-P3, the RMS-DS is considerably large compared with
the NLOS points i.e., P4-P6, due to the multipath richness
of the environment. Furthermore, RMS-DS mainly depends
upon the geometry of the environment, therefore, for each RX
point almost identical RMS-DS results are obtained for 90, 95,
and 100GHz frequency of operation. Table III shows that in a
considered corridor environment and scenario, the maximum
value of RMS-DS was limited to 5.3ns. Coherence bandwidth
is inversely proportional to DS, therefore, 5.3ns of RMS-DS
gives large coherence bandwidth. Similarly, due to the usage
of an antenna with narrow HPBW in a horizontal plane at the
receiver side, the RMS-AS was limited to 0.6− 1.9◦ range.

V. CONCLUSION

In this research work, a sophisticated and calibrated
photonics-based measurement setup for sub-THz frequencies
was used to measure PAS at six different static positions i.e.,
P1-P3 in LOS, and P4-P6 in NLOS, in an indoor University
corridor environment. This paper further validated the PAS
acquired through an in-house built RT tool with the measure-
ment data at three targeted sub-THz frequencies i.e., 90, 95,
and 100GHz. Our own developed RT is capable of finding the
LOS path along with other specular reflected paths, diffracted
paths, paths with a mix of reflection and diffraction, diffused
scattered paths, and paths with reflection from the ceiling
and ground of the floor. The results presented in this paper
show that our in-house built RT is able to provide reasonable
accurate PAS in a LOS multipath-rich environment as well
as in a NLOS condition. A fair agreement is found between
the measured and simulated received PAS at three considered
frequencies. This paper also highlighted the sensitivity of the
measurement setup, as twisting of optical fiber can result in
a decrease in received power level, and this type of human
negligence adds error in the measurement data. The results
presented in this paper show that in the direction of maxi-
mum received power the RMSE between the measured and
simulated received power was limited to 2.6, 4.0, and 2.6 dB
at 90, 95, and 100GHz frequency of operation, respectively.
Ray tracing simulations revealed that for LOS points the RMS-
DS is considerably large i.e., 3.1− 5.3ns, compared with the

NLOS points i.e., 0.1−0.4ns, due to multipath richness of the
environment. The RMS-AS in the azimuth plane depends on
the horizontal HPBW of the antenna. Due to the usage of the
antenna with a narrow HPBW at the receiver side, the RMS-
AS was limited to 0.6 − 1.9◦ range. In this work, only few
static points were considered, however, in the future, we plan
to use our RT tool for more complex and dynamic scenarios.
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