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Abstract: Terahertzcommunication links will require the use of directional beams to compensate
for the higher losses compared to those faced in the few gigahertz region. The shorter wavelengths
of terahertz waves also imply less diffraction from objects that may be present in many scenarios,
such as books, bottles of water, or people. We present measurements of the frequency-dependent
transmission losses for moderately divergent beams, with beam waists in the range of tens of
centimeters, interacting with blockages. We compare our measurements with a quasi-optical
treatment of these interactions based on the Fresnel diffraction theory. These results will inform
the development of future generations of ultra-broadband communication technologies operating
above 100 GHz.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Commercial telecommunication systems such as cellular or WiFi operate almost exclusively
in spectral bands below 10 gigahertz, with a corresponding wavelength in the few to few tens
of centimetres range. At such long wavelengths, the presence of many typical obstacles in the
line-of-sight path between the transmitter and receiver does not usually cause communication
interruptions, particularly in indoor scenarios. One reason is because, although typical objects
produce scattering losses, full shadowing of the signal is typically not an issue. Objects with size
comparable to the wavelength generally do not produce sharp shadows; also, multiple scattering
can extend coverage via non-line-of-sight paths.

This situation will change significantly with the use of higher frequencies in the sub-THz range
[1-3], which is anticipated due to the large available bandwidth in unregulated bands above
100 GHz [4-6]. One of the challenges for the implementation of such high-frequency channels
involves blockage effects. Unlike the lower frequency bands, THz communication links will
require highly directional beam forming [7—11], given the high free-space path loss even for
short-range links. This, in combination with the reduced scattering due to the shorter wavelengths,
implies the value of considering such links in the context of directional optical signals [12]. It is
therefore to be expected, that propagation of signals will need to be treated in such a way that
scattering is properly accounted for. For instance, in an office room, people move and they carry
files, books, and other objects around. A good number of these objects are large compared to the
THz wavelengths, but contain features that are comparable or even smaller. Some early modeling
of THz communication channels was performed using ray-tracing methods [13]. The use of
beams with moderate divergence seems to be the most realistic solution for THz communications.
Under that assumption, we will require a way to treat full frequency-dependent interaction of
such beams with objects and people in order to get accurate channel models [14,15]. Diffraction
phenomena for longer wavelengths in telecommunication channels have been discussed for larger
objects such as buildings [16], walls or corners [14]. Some works have also investigated blockage
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of indoor communication channels by objects and people in the sub-THz band [17] in the beam
[18,19].

Here, we present an experimental study of the frequency-dependent blockage caused by a
set of everyday objects, using a broadband defocused THz beam exhibiting moderately large
divergence, which emulates a reasonable configuration for an indoor communication link at these
frequencies. We compare our measured results to the predictions of Fresnel diffraction theory,
showing that this formalism can be an appropriate theoretical tool for modeling blockage events
in sub-THz communication channels.

2. Results

A terahertz time-domain spectrometer was adapted for a two-way path employing a large spherical
mirror of 0.6 m effective diameter and 1.75 m radius of curvature. The setup is shown in Fig. 1(a)
and a photograph of the mirror in Fig. 1(e). The emitter and detector were located adjacent to
each other (+0.035 m apart), symmetrically displaced from the optical axis in the plane formed at
the center of the sphere in such a way that the radiation generated at the emitter was refocused at
the detector (Fig. 1(a)). The total propagation distance is therefore 3.5 m. Fig. 1(b) and (c) show
the acquired time-domain signal, with no objects in the beam path, and the corresponding power
spectrum. We emphasize that the spectrum is extremely broad, with the wavelength varying
by more than one order of magnitude within the usable bandwidth of the measured radiation.
The spatial profile of the beam was determined to be well approximated as a Gaussian, using
a knife-edge measurement (see Methods section for details), as shown in Fig. 1(d). From this
result we calculate a full-power 3dB angular beam width of 10.7 °.

After initial characterization of the system performance which serve to define the reference
field Erer, we then acquire similar measurements with a variety of objects in the beam path Ep;, at
locations A, B, and C illustrated in Fig. 1(a). The THz beam diameter increases from location A
to C and represents blockage scenarios for different distances to the transmitter. As examples, we
select several typical objects, which could produce blockage of a THz communication channel in
an office scenario: a book, a water bottle and a metallic tube. We define the (frequency-dependent)
transmission as the ratio of the measured signals with and without objects in the beam, as

Eopi(v)
Eref(V)

where Eopj and Erer are the Fourier transform of the electric field waveform obtained in the
presence and absence of objects respectively as a function of frequency v. We can anticipate a
non-trivial frequency dependence because the ratio of the wavelength to the feature sizes in our
objects varies significantly within the bandwidth of the radiation used here. The measurement
results for the three objects are shown in Fig. 2(a)-(c). We observe that, in all cases, the
measurements show an initial decrease in transmission reaching a minimum in the region between
200 and 500 GHz, followed by an increase that stabilizes for frequencies above about 750 GHz.
The book shows the lowest transmission, followed by the bottle and subsequently the tube. This
trend is consistent with the trend in cross-sectional area of the objects. The three curves shown
in each panel represent the three locations A (paler color), B and C (darker color) as indicated
in Fig. 1(a). We observe an decrease in transmission with increasing distance from the curved
mirror. This is also expected, since there is more significant obstruction of the beam when the
beam is smallest, which is the case for location A farthest from the mirror, as illustrated in
Fig. 1(a).

The plots in Fig. 2(d-f) show the results of diffraction calculations using the Fresnel integral
formula, which can be regarded as a priori predictions of the measurement results [20]. Details
of the calculation method are described in the Methods section. These numerical results show a
qualitatively consistent behaviour with the experimental measurements, including both the trends
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Fig. 1. (a) Optical setup for the THz TDS measurements and positions of the object within
the THz beam. Optical components are not drawn to scale. The axial positions are measured
from the intermediate focus. (b) THz-TDS waveform obtained after passing through the setup
without object. (c) Power spectrum of the transmitted pulse. (d) Razor-blade measurement
and error function fit to determine the beam diameter. (e) Photograph of the segmented
mirror while it produces an optical image mounted on a home-built wooden kinematic
mount.

with object size and object location. They also reproduce the small but repeatable minimum in
the measured signals at frequencies below 500 GHz. This minimum is the result of the scattering
power distribution at the focal plane where the detector is.

In order to illustrate the reason for this spectral dip with an example, in Fig. 3(b) we have
reproduced the curve for the transmission around the bottle at position A. Three markers are
placed at the frequencies where the spectral dip starts (150 GHz), reaches its minimum (300 GHz),
and ends (675 GHz). In Fig. 3(c), we show the power distribution as a function of the horizontal
position (x) and the frequency (for y=0) in the vicinity of the focal point. White lines are provided
as a reference of the limits of the aperture of our detector, and three markers are placed as a
visual reference of the frequencies consistently with panel a. In Fig. 3(d), the reference power
distribution, in the absence of the bottle, also at the focus is shown for comparison. It is easy to
see in Fig. 3(b) that diffraction fringes produced by the bottle merge towards the focus as the
frequency increases. For frequencies below 150 GHz the object and reference power distributions
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Fig. 2. Experimental power-transmission measurements as function of the frequency (a-c)
as well as the calculation of the transmission based on the Fresnel integral calculation (d-f)
for the objects shown (g-i). The pale coloured curves correspond to position A, followed by
B and the dark colour curves correspond to position C as depicted in Fig. 1.

seem to have a similar behavior, namely, the focal spot decreases with frequency, which implies
an increase of the total power that falls within the aperture of the detector. Yet, at around
150 GHz there is a qualitative difference between the two power distributions; while the size
of the reference beam continues to decrease (implying an increase of the collected signal), the
scattered signal begins to incorporate a null (diffraction minimum) into the collection aperture.
This effectively decreases 7 in accordance with Eq. (1). For frequencies between 300 GHz
and 675 GHz, a diffraction maximum merges into the aperture, thus increasing 7. At higher
frequencies, weaker diffraction effects produce only small fluctuations in the signal.

There are of course discrepancies between the experimental and theoretical curves, which
may result from small unavoidable uncertainties in the precise positioning and orientation of the
objects relative to the central optic axis of the beam or imperfections in the optical alignment.
Nevertheless, the qualitative agreement is satisfactory, suggesting that our computational approach
describes these scenarios with reasonable accuracy. Yet, we must point out that the quantitative
discrepancies between the model and the measurements can be caused by two factors. Firstly, the
emission pattern of the photoconductive antennas is not perfectly Gaussian (Discussed with Lars
Liebermeister, HHI/Fraunhofer, Berlin, Germany). Secondly, the interaction of the wave with the
aperture and hyperhemispherical mirror of the detector is not accounted for accurately in our
model (Discussed with Nurial Lombardt, TU Delft, Delft, Netherlands). In order to have a more
quantitative comparison of the measurements and experiments, we compared the transmission
values at 0.1 THz, 0.3 THz and 1 THz for all the curves in Fig. 2(a)-(f). This correlation plot is
shown in Fig. 3(a). We observe that the theoretically calculated transmissions are consistently
lower than the measurements, but they do show a relatively strong correlation, with a correlation
coefficient of 0.874.

In addition to inanimate objects, we also performed similar measurements using people, aiming
to recreate the evolution of a communication channel in a dynamic scenario. In Fig. 4(a)-(c) show
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Fig. 3. (a) Correlation of the theoretical and experimental transmissions as for the data
presented in Fig. 2(a)-f at frequencies 0.1 GHz, 0.2 GHz and 1 THz. The colors of the dots
are consistent for each object. The theoretical calculations and experimental measurements
have a correlation coefficient of 0.874. (b) Theoretically predicted transmission spectrum
for a bottle in position A. Three markers (circle, square and diamond) are placed at 150 GHz,
300 GHz and 675 GHz which correspond to the points in which the transmission dip of the
spectrum starts, reaches its minimum and ends respectively. (c) Colormap representing
the power distribution predicted theoretically across the focal plane where the detector is
placed when a water bottle is present at position A. Two white lines indicate the aperture of
our detector. Markers (circle, square and diamond) are placed at 150 GHz, 300 GHz and
675 GHz respectively consistently with panel (b). (d) Colormap representing the power
distribution predicted theoretically across the focal plane where the detector is placed in the
absence of object. Two white lines indicate the aperture of our detector.

the analogous results when a hand is inserted into the beam path (stationary) at each of the same
three approximate locations referenced above. Here, due to the difficulty in precisely locating the
obstruction relative to the optic axis, the disagreement between measurement and prediction is
somewhat larger. Indeed, the strongly increasing trend of transmission with frequency is notably
different from the results obtained with static objects, and is not reproduced in the numerical
simulations. This may be a result of diffraction not only by the hand and arm, but also by the rest
of the body of the person which is not in the central part of the beam, but will still interact with it.

Finally, Fig. 4(d)-(f) show a set of measurements and calculations for a person at different
positions across the beam. Here, the results are displayed as false color maps where the horizontal
axis shows subsequent frames of a motion series representing sequential moments in time. The
measurements (Fig. 4(d) and Visualization 1) were obtained with the subject at a distance of
~1.1 m from emitter/detector position. The corresponding simulations are shown in Fig. 4(e).
The frame number is related to the motion of the person across the beam (increasing as the person
moves from right to left). For the first (before the person has entered the beam) and last (after
completely passing) frames, the transmission is very high, but the frames in the middle show
negligible transmission since the person is almost entirely blocking the signal. The experimental
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Fig. 4. Experimental power-transmission measurements as function of the frequency (a)
as well as the calculation of the transmission based on the Fresnel integral calculation (b)
for a human hand shown (c). The colormap (d) represents the transmitted power measured
for different moments of a person walking across the beam. The colormap (e) shows the
analogous theoretical calculations based on a series of photographs like the one shown in (f),
isocurves where added in on this map as a guide-to-the-eye.

and predicted results show consistent behavior with each other. Due to the relatively slow
data acquisition time for our TDS apparatus, these measurements are relatively coarse, with
significant changes in the signal between adjacent measurements. That being said, we highlight
that the calculations in Fig. 4(e) show that the width of the dark band decreases as the frequency
increases. This frequency-dependent effect is not visible in our broadband measurements due to
the limited number of frames acquired during the motion of the subject. Yet, we note that related
measurements have recently reported similar results, [21] noting a consistent difference between
the duration of blockage at 60 GHz versus 300 GHz. This difference is caused by the more
delocalized interaction of longer wavelengths 4 = 5 mm (at 60 GHz) compared to 4 = 1 mm (at
300 GHz).

3. Discussion

We presented a series of measurements and diffraction calculations of objects and a person
interacting with a broad-band terahertz beam. This experiment demonstrates that the degree
of "blockage" is highly frequency dependent. The Fresnel diffraction formula provides a solid
theoretical tool to estimate the transmittance resulting from the diffraction around objects and
people. With this formula it is possible to also calculate the diffraction patterns. This will be an
invaluable tool for modelling the propagation of terahertz communication channels in realistic
scenes where objects with dimensions and features larger and smaller than the wavelength can be
taken into account properly. This approach also provides an alternative to ray tracing, which is a
rather coarse approximation, that might be inappropriate for the modelling of telecommunication
channels in scenes with complex blockage geometries.
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4. Methods
4.1.  Mirror fabrication

A concave spherical mirror with a radius of curvature » = 1.75 m consisting of seven hexagonal
segments with 17.3 cm edge length was manufactured by CNC milling of solid aluminium. The
individual segments were polished to near optical quality against a stamp cast out of optical grade
pitch (32° CZ hardness, Pieplow&Brandt GmbH) to match the curvature of the mirror. A slurry
of 2u m average diameter 30 g/l Al,O3 microspheres (ALUPOX 2.0, Pieplow&Brandt GmbH)
in water was used as the polishing medium. Pitch polishing was continued until a clear optical
image was formed by the mirror segment. Finally, the individual elements were mounted to form
a segmented mirror of 60 cm diameter (longest axis).

4.2. THz time domain spectroscopy

The optical setup for the THz measurements is shown in fig:setup. Characterisation of the
frequency-dependent transmission was performed by THz time-domain spectroscopy using a
fibre-coupled TDS [22] system described elsewhere [23]. All measurements were performed by
averaging 100 scans, except for measurements with a person (or part thereof) in the beam, which
were done at 10 averages as the subject could not remain in position for longer. The THz beam
emitted by the transmitter antenna was collected and brought to an intermediate focus by two
plano-convex polyethylene lenses (f = 6 cm, d = 5 cm). The divergent THz beam was refocused
on the receiver antenna by the large segmented mirror (r = 1.75 m, d = 60 cm) with a horizontal
offset of 7 cm. Pre-alignment of the THz beam path was facilitated by producing an optical point
source with another, visible laser at an iris aperture placed on the intermediate focus. For all THz
measurements, the aperture remained fully opened to 25 mm. As the delay through the setup is
much larger than the travel of the THz spectrometer’s delay line, the THz pulse is detected by
the N + 1 pulse from the fs-laser. Due to the size of the optical setup, all measurements were
performed in air. The samples were supported by a block of expanded polystyrene, which was
kept in the same position for the corresponding reference measurement. The beam diameter of
the divergent THz beam was characterised through the razor blade method by retracting a metal
sheet larger than the mirror aperture from the beam. The frequency dependent blockage was
measured for three different axial positions (A, B, C) in order to present the samples to different
beam diameters (1o = 5.5 cm, 7.2 cm, 8.9 cm). The axial positions detailed in fig:setup are
measured from the intermediate focus.

4.3. Data analysis

THz spectra were obtained from the Fourier transform of the detected waveform using an
error-function filter to remove the reflections in the waveform. The transmission from the
emitter to the detector is defined as in Eq. (1). The measurements were performed under normal
atmosphere, therefore a series of spectral lines related to the water vapour presence appear in our
spectra [24-26]. These lines have no relationship to the interaction of the object with the THz
radiation and will not be discussed further.

4.4. Diffraction theory

The experiment was modelled by using the Fresnel integral formula, which allows us to calculate
the evolution of an electric field known at a plane as it propagates to another plane further along.
The Fresnel integral, based on the Huygens’ principle, states that the electric field propagating
from a plane, which we call the object plane, where the electric field is known, to another plane,
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which we call the screen plane, separated by a distance z is given by

+00 +00 k
E(ry.2) = / / E(x',y’,O)exp(;—Zux—x')Z+(y—y')2])dx’dy’, @

where (x,y) and (x’,y”) are the coordinates at the screen and object planes respectively. This
integral requires rather large computational capacity to be solved numerically, yet, the integral
can be seen as a 2-dimensional convolution of the electric field at the object plane E(x’,y’,0) and
the function exp(% [x% +¥?]), thus, by using the convolution theorem, the solution can be written
as

E(x,y,2)=F" [ﬂE(x',y',O)] X F

ik
exp o167+ 071 )
Z
where 7 and F ! represent the 2-dimensional Fourier and inverse Fourier transforms respectively.
Therefore, the numerical solution of the integral only involves the calculation of two fast Fourier

transforms, which is computationally less expensive.

Reference

a) )] , d)
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\ RN

Mirror
Detector
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Object
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Fig. 5. Schematic representation of the theoretical propagation calculation performed using
the Fresnel integral. The top panels (a-d) show the electric field distribution at different
positions along the optical axis, namely the object, mirror and detector planes in the absence
of of object. Panels (A-D) show the field distributions in the presence of an object (in this
case a water bottle). The color-scales of the different panels are not consistent with each
other, since this images are only for illustration purposes. The panels shown are the result of
a simulation at 300 GHz. The quantitative comparison is shown in the results section.

In order to model the propagation of the radiation from the emitter to the detector, we took
photographs (shown in Fig. 2(g-f), Fig. 4(c) and in the supplementary material) of the objects on
a 0.6 mx0.6 m white background, these photographs were subsequently processed in order to
generate a binary mask where object pixels were set to 0 and non-object pixels were set to 1.
The image was then carefully scaled to match a 0.6 mx0.6 m area where each pixel represents a
100 umx100 um area. An initial electric field at the appropriate distance (A, B or C as shown in
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Fig. 1(a)) was calculated with a Gaussian beam profile with a beam-waist consistent with the
results of the razor blade measurement described earlier. Then, the amplitude of this beam is
multiplied by the object-shaped mask as shown in Fig. 5(a). The divergence is adjusted by setting
the phase of the wave at the object plane to

k
¢(x,y,0) = z—zo(x2 +3%), )

where zg is the distance between the emitter and the object and k = 27/4, with A being the
wavelength. The electric field is then propagated to the mirror position by using Eq. (3), as shown
in Fig. 5(b). In order to model the interaction of the terahertz radiation with the mirror, a filter
composed of 7-hexagonal areas of 198 mm width with 2 mm separation between them is applied
and the phase is once again multiplied by the function from Eq. (4) replacing zo by —d/2 where
d = 1.75 m is the distance between the mirror and the detector. Then the field is propagated again
using Eq. (3) in order to simulate the refocusing of the radiation onto the detector as depicted in
Fig. 5(c,d). The resulting electric field is squared and integrated over an aperture of diameter
8 mm in order to calculate the expected power detected at the receiver in our experimental setup.
The same treatment is done to the original Gaussian beam, but without applying the object mask
in order to calculate the reference power that goes from the emitter to the receiver in the absence
of object as depicted in Fig. 5(a)-(d). The ratio of the object and reference powers is then used to
predict the transmittance that we obtain experimentally from Eq. (1).
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