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Abstract—This paper focuses on modelling quasi-
optical elements, such as highly directive Gaussian
optic lens antennas (GOLA) and dielectric slabs, us-
ing vectorial Gaussian beam expansion and tracking
techniques. GOLAs are key components for free-
space characterisation benches and are used in THz
imaging, sensing and communication applications.
The developed modelling tool is employed to model
a free-space characterisation bench, which includes
a dielectric slab of rexolite positioned between two
GOLAs. A Thru-Reflect-Line (TRL) calibration is
applied on the simulated datasets to compare the
resulting S-parameters with measurements and with
an analytical model of a dielectric slab.

I. INTRODUCTION

Quasi-optical techniques for characterising materials
in free space are very attractive because broadband
permittivity extraction can be achieved particularly at
high frequencies such as in the W, D or J band [1,
2, 3, 4, 5]. A typical free space characterisation bench
consists of focusing antennas placed on either side of
the material to be tested. They are carefully aligned
to ensure that their optical axes coincide, guaranteeing
optimal illumination for both the lenses and the material
under test. This setup enables the characterisation of
solid materials without any specific machining of the
sample under test, as would be necessary with rect-
angular or coaxial waveguide cells or cavities. Current
characterisations are carried out on the assumption that
the material under test is large enough to intercept the
incident beam. Such beam is considered as paraxial,
producing a planar wavefront at the sample surface [6].
To assess the potential impact of any misplacement
of quasi-optical components, one option is to electro-
magnetically model the quasi-optical (QO) components
of the bench (e.g. horns, lenses, mirrors). Commercial
software using full wave techniques are not suitable for
this specific environment due to the large size of the
electrical components at these frequencies, resulting in
prohibitively long simulation times in the design of the
test bench. To circumvent these limitations, a specifically
designed modelling tool, as presented in [7], is used

to simulate the test bench and to assess the effect of
potential misalignments on the measured S-parameters.

The characterisation bench will be first presented.
Then, the modelling tool used for simulating the bench
will be introduced and subsequently applied in the
modelling tool of an ideal setup for the characterisation
bench. To enable comparison with both measured data
and the analytical model of a dielectric slab, it will be
also shown how to apply a Thru-Reflect-Line (TRL)
calibration procedure on the simulated dataset.

Finally, a realistic setup is simulated, with tilt and
misplacement applied on both the lenses and sample.
The aim of this simulation is to investigate the effect of
the bench impairments on the permittivity extraction of
the slab.

II. PRESENTATION OF THE CHARACTERISATION
BENCH

The antennas of the characterisation benches de-
veloped at IMT Atlantique Microwave department are
Gaussian beam focusing horns, also known as Gaussian
Optic Lens Antenna (GOLA). As illustrated in Fig. 1,
the material to be characterised (MUT - Material Under
Test) is placed between the antennas. The sample is
held in position by non-conductive supports to avoid
parasitic reflections and diffractions. Reflections can
be minimised, for example by using absorbers placed
around the reflecting elements to attenuate reflected
waves. Moreover, the bench is designed such that most
of the beam power interacts only with the MUT. A
vector network analyser (VNA) is used to measure the
S-parameters, which are essential for extracting material
properties.

Before starting measurements, the setup is calibrated
using a free-space TRL method such as the one de-
scribed in [6, 8]. This helps to correct for the effects of
the antennas and the VNA. The measured data is then
processed to determine the electromagnetic properties of
the material such as its permittivity which is extracted by
comparing the measured S-parameters with the analyti-
cal model of the slab, assuming a plane wave incidence
[6]. This condition is locally satisfied if the sample is
placed in the waist of a Gaussian beam.
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Fig. 1: Measurement setup for characterising the permit-
tivity of the MUT

III. MODELLING TOOL

A. Gaussian beam expansion and tracking
Gaussian beams are commonly used for simulating

quasi-optical systems [9]. The incident field is modelled
with a single Gaussian beam and a ray transfer matrix
analysis is performed to compute the reflected and
transmitted beams. The same principle can be used to
model an arbitrary electric field incoming on an expan-
sion surface, by expanding it into elementary Gaussian
beams, which reproduce the incident field propagation
once combined as follows [10, 11, 9]:

gEi(rp) =

N∑
n=1

gKn
nEgb,n(

nrp), ∀p ∈ [1, N ], (1)

where gEi(rp) is the incoming field evaluated at the
sampling point rp and written in the global reference
frame (g), and

nEgb(
nρ, z) =

[
α

−1

2
αT

(
Q(z) + QT(z)

)
ρ

]
u(ρ, z), (2)

the nth elementary Gaussian beam written in its local
frame (n), nρ the transverse coordinates written in frame
(n), Q ∈ C2×2 the complex curvature matrix and
α ∈ C2 a couple of transverse polarisation coefficients.
The longitudinal component is derived from the partial
derivatives of the transverse components [10]. gKn is
the passage matrix from beam’s local frame (n) to global
reference frame (g), and

u(ρ, z) = u0(z) exp

{
−j

k

2
ρTQ(z)ρ+ jϕ(z)

}
, (3)

is the Gaussian scalar function [10, 11, 9] describing the
transverse field distribution, where ρ is the transverse
position vector, and z the longitudinal position, both
written in the local reference frame (n) of the beam.

The couple of coefficients α is computed during the
expansion procedure using a point matching technique
described in [mypaper, 10], and referred to as GBE. The
set of beams is then launched through the quasi-optical
system and a bouncing and tracing operation (GBT)

is applied to find and track the reflected and refracted
beams at each interface. The transverse coefficients αr

and αt of, respectively, reflected and refracted beams,
are computed using Fresnel formulas [12, 11].

A tangent frame to the surface, referred as (uv),
is defined to account for the curvature of the surface
intersecting the incident beam. The (uv) frame axes are
v̂ ≡ ŷi and û = v̂×n̂. The computation of the curvature
matrices uvQr and uvQt of the generated beams is per-
formed in this frame, using a phase matching technique
[11] and results in the following expressions :

uvQr = uvQi − 2uvC (n̂ · ẑi − n̂ · ẑr) (4a)

uvQt =
ni

nt

{
uvQi − uvC

(
n̂ · ẑi −

nt

ni
n̂ · ẑt

)}
(4b)

where uvC ∈ R2×2 is the surface curvature matrix at
the intersection point. uvQr and uvQt are then expressed
in the local frame of the reflected and refracted beams,
respectively. In the studies presented in [11], both the
Gouy phase η and the accumulated phase ϕac are ne-
glected during the phase matching. However, accounting
for these phases is essential to prevent phase discontinu-
ities. Furthermore, the amplitude of each beam is defined
relative to the position of their respective beam waists.
Due to the misalignment of these positions, an amplitude
correction is also required. Consequently, a coupling
term a0 exp {jϕ0} must be introduced to ensure accurate
modelling,

a0,g =
|ui(0, di)|
u0,g(0, 0)

, g ∈ {r, t}, (5a)

ϕ0,g = ̸ ui(0, di)− ηg(0), g ∈ {r, t}. (5b)

where di represents the distance between the intersection
point and the origin of the incident beam. The subscript
i refers to the incident beam, while g is used to denote
either the refracted beam (t) or the reflected beam (r).

B. S-parameter computation for a 2-port system
The electrical field at a point r (such as in the

aperture of the receiving horn) is obtained using the
recombination formula given by:

gE(gr) ≈
N∑

n=1

gKn
nEgb,n(

nr). (6)

Diagonal horns are used in the characterisation bench
previously presented. The bench configuration is a two-
port system as depicted in Fig. 2. The diagonal horns can
be modelled by a square aperture rotated by 45◦ around
the longitudinal axis z, in which lie two dominant
modes: TE01 and TE10. Assuming two identical horns,
effects induced by the length of the horns can be ignored,
as they will be removed by the calibration step. The
received electrical field E at a horn aperture Ap is
expressed as a combination of guided modes [13, p.120].
Considering only TE modes, this gives

E ≈ c01e01 + c10e10 (7)
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Fig. 2: A two-port system composed of two diagonal
horns. The quasi-optical system, including the focusing
lenses, is placed between the two horns.

where e01 is the field due to the TE01 mode and e10
the one for TE10. The modal coefficients c01 and c10
are can be computed using the orthonormal properties
of these modes [13]. This gives

ck =

∫∫
Ap

E × h∗
k · ẑdS (8)

where hk is magnetic field of the guided mode k.
Diagonal horn can be quickly simulated using mode

matching techniques [13]. In order to do so, it could
be assumed without loss of precision that the power is
equally distributed between the TE01 and TE10 modes.
However, in the actual bench, the excitation is a TE01

mode propagating in the feeding waveguide, which split
into two modes of equal power once the waves travel
in the horn’s diagonal section. In order to estimate the
transmission or reflection parameters, an averaging of
c01 and c10 is calculated on the relevant aperture, rather
than computing the coefficient of the fundamental mode
propagating in the waveguide feeding this aperture. This
avoid unnecessary complexity by assuming the horn
length does not have significant effect, as previously
discussed.

IV. MODELLING OF AN IDEAL CHARACTERISATION
BENCH WITH CALIBRATION

The quasi-optical components of the characterisation
bench previously presented are modelled using 3D mod-
els generated by computer-aided design tools. In order to
exploit them, the free Gmsh software [14] for generating
3D meshes with support for pre- and post-processing
is used. It can discretise surfaces and create geometric
structures suitable for beam launching. Figure 3 shows
the configuration of the bench modelling.

Using GBE and GBT, introduced in the previous
section, we can decompose the electromagnetic field into
elementary Gaussian beams and propagate these Gaus-
sian beams through the optical system. The accuracy of
the beam tracking decreases as propagating distance of
the elementary beams increases. If the distance between
two quasi-optical elements is large enough to avoid
significant coupling, it becomes relevant to recombine

Fig. 3: Modelling pipeline, where Σ stands for beam
summation, GBE for Gaussian Beam Expansion and
GBT for Gaussian Beam Tracking.

and re-decompose the electromagnetic field just before
the new element to be taken into account. Multi-path
effects between the two elements are neglected, and only
the reflection of the signal towards the lens is processed
in a new beam launch. Several decomposition surfaces
are then required.

A frequency sweep over the 220-330 GHz band is
performed. Ports 1 and 2 of the system correspond to the
aperture of the diagonal horns, where a modal analysis
is performed as presented before. In order to model the
calibration process, it is necessary to simulate each of
its steps, each of which has a specific configuration as
defined in ??. An S2P file is generated for each step, to
be used for extracting the MUT’s S-parameters. As the
system is passive, only the Port 1 → Port 2 direction is
required here.

In addition, as the lenses are not moved in relation
to their respective horns, the multiple reflection of the
incident beam in these lenses will be identical, whether
during calibration or measurement. These reflections
should therefore be perfectly corrected during calibra-
tion. Note that this is no longer true if a lens shift or tilt
exists between the calibration and measurement steps.
The magnitude of the S-parameters obtained during
calibration, depicted in Figure 4, shows the effect of the
lens acting as a dielectric resonator due to the multiple
reflections.

The system modelled and presented in Fig. 3 is
passive. Therefore, as with the calibration, only the
transmission direction from Port 1 to Port 2 is simulated,
assuming that S21,s = S12,s.

The procedure developed in [6, 15] is used to apply
the TRL calibration to the simulated S-parameters. Fig.
5 displays the extracted S-parameters, compared with
the parameters calculated with the analytical model [6].

As can be seen in Fig. 5, there is no ripple on
the reflection coefficient curve. The TRL correction
effectively removes this effect in the case where no
misalignment is present in the system.

Fig. 6 also shows good agreement between the mea-
surements and the simulation. In the case of a system
close to the ideal setup, placing the slab at the waist
of the beam is almost equivalent to expose it to a plane
wave incidence. The analytical model used to extract the
permittivity of the dielectric slab, which assumes plane-
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Fig. 4: Magnitude of transmission and reflection co-
efficients for the Port 1 → Port 2 direction, for the
three calibration steps Thru-Reflect-Line. This shows the
effect of the lens acting as a dielectric resonator.
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Fig. 5: Simulated reflection and transmission parameters
of a 12.825mm thick dielectric plate, compared with the
analytical model, with ϵr = 2.5329− 0.00667j.

wave illumination, is therefore quite valid in this case.

V. MODELLING OF A REALISTIC
CHARACTERISATION BENCH

When setting up the test bench, positioning errors,
such as small tilts or transverse offsets are unavoidable.
Although these defects can be often negligible, they
can nevertheless introduce disturbances into the mea-
surements, particularly at very high frequency operation,
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Fig. 6: Simulated reflection and transmission parameters
of a 12.825mm thick dielectric slab, compared with the
measurements, with ϵr = 2.5329− 0.00667j.

as in the J band. In this section, we study the impact
of the defects, such the one presented in Table I, in a
quasi-optical experimental setup on the accuracy of S-
parameter measurements.

Offsets [mm] Tilts [◦]
x y z x y

Lens 1 -3 2 2 1 2
Lens 2 1 -2 3 -1.2 1.5

Slab 0.96 -0.5 1.2 -0.2 0.9

TABLE I: Tilts and offsets applied to the lenses and slab.

Figure 7 shows that the extraction of the calibrated
parameter S21 remains very close to the theoretical
values, both in magnitude and phase, even in the pres-
ence of slight misalignments. This simulation, which
reproduces a realistic experimental setup, highlights the
robustness of the bench when combined with a TRL
calibration. The small inclinations and offsets simulated
have a minimal impact on the results, validating the cal-
ibration efficiency in compensating these imperfections
existing in actual setup configurations.

VI. CONCLUSION

The modelling tool presented in this paper was em-
ployed to simulate a characterisation bench operating
in the J-band (220-330 GHz). The results of this study
demonstrate the tool’s capability in predicting the overall
behaviour and performance of the bench.

The developed simulator provides significant advan-
tages, particularly in its potential to design optimised
setups before they are physically implemented. By sim-
ulating the experimental bench configuration, one can
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(a) Magnitude of S21 after calibration (blue). The dotted
red curve corresponds to the magnitude value given by the
analytical model with no offset.
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Fig. 7: Simulated transmission parameter of a dielectric
plate of 12.825mm thickness, compared with the an-
alytical model, with ϵr = 2.5329 − 0.00667j, over the
frequency range 220-330GHz. A combination of defects
is applied on lenses and sample in order to reproduce a
realistic measurement bench.

identify potential issues and makes necessary adjust-
ments to enhance the system’s performance without
costly and time-consuming trial-and-error experiments.
This foresight not only minimises the risk of design
flaws but also reduces the resources required during
the manufacturing and testing phases. As a result, the
modelling tool proves to be a valuable asset in the
design, optimisation, and improvement of quasi-optical
systems and devices.
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