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Measurements with a Cobot in the J-Band
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∗Dept Microwave, IMT Atlantique, Brest, France
†Lab-STICC, UMR CNRS 6285, Brest, France

Abstract—Terahertz waves bring together the assets of mi-
crowave and infrared waves and open up new possibilities in
structure analysis and material characterization. In order to
optimize a J-band material characterization bench (220-330
GHz), this work proposes a novel simulation tool based on a
Gaussian beam formalism enabling the modeling and design of
large size quasi-optical components. Numerical results showing
the applicability of this framework in the modeling of a J-band
lens antenna are provided and validated through measurements
performed with a robotic bench.

Index Terms—diagonal horn, propagation, THz, Gaussian
beam, field expansion, beam tracing, GOLA, cobot, measure-
ments.

I. INTRODUCTION

Quasi-optical techniques for free-space material characteri-
zation are really attractive as broadband permittivity extraction
can be performed especially at very high frequencies such as
in the W-, D- or J-band. Moreover, these techniques enable
the characterization of solid materials without any specific
machining of the sample under test as it would be required
with rectangular or coaxial waveguide cells or cavities. Non-
solid material characterization is also available using a specific
container. Therefore, a quasi-optical experimental setup along
with a calibration procedure and data processing software al-
lows the precise extraction of the material relative permittivity
[1]. Current characterizations are performed assuming that the
material under test (MUT) is large enough to intercept the
incident beam under a normal incidence and that the beam
is paraxial, yielding a planar wavefront at the MUT surface.
To evaluate the potential impact of such approximations,
an option is to model electromagnetically the quasi-optical
(QO) components of the bench (e.g. horns, lenses, mirrors).
Commercial software packages like HFSS, CST, or FEKO are
inadequate for this specific setting due to the large electrical
component size at these frequencies, resulting in prohibitively
long simulation times in the design of the test bench.

The following study focuses on the modelling of highly
directive Gaussian Optic Lens Antennas (GOLA), which are
key components of the J-band free-space characterization
bench. Gaussian beam formalism [2], commonly employed in
laser optics, can be used to decompose an arbitrary electro-
magnetic field into elementary beams [3], allowing for beam
launching to describe the propagation and interaction of the
electromagnetic field through the QO system [4].

Methods and models for simulating QO systems will be ini-
tially presented. The simulation results will then be discussed
and compared with preliminary measurements performed in
the J-band.

II. SIMULATION OF QUASI-OPTICAL SYSTEMS

A. Principle

This section assumes that the aperture fields at the horn
feeding the system have already been computed with the use
of a mode-matching technique, presented in [5] and [6]

Fig. 1 illustrates the three main stages of the simulation:
field expansion (GBE), beam tracing (GBT), and beam sum-
mation (GBS). The core element of the tool is the Vectorial
Astigmatic Gaussian Beam [4], which is defined as

u(x, y, z) = u0(z) · exp
{
−j

k

2

[
x y

]
Q(z)

[
x
y

]
+ jϕ(z)

}
.

(1)
The complex curvature matrix Q and the complex phase

are detailed in [4]. The equation given in [7, eq. 1.9] can be
rewritten, using a factorization by u(x, y, z), as
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in which r ∈ R3 is the position vector. Equations 1 and 2
should be applied within the local reference frame of the beam,
where ẑ denotes the direction of beam propagation.

B. Field expansion and beam summation

The electromagnetic field Es received at sampled points
rp on a surface can be expressed as a sum of N vectorial
Gaussian beams, as described in [3]. Each of these beams is
further separated into XZ and YZ polarizations,

Egb,n = αx,nExz,n + αy,nEyz,n, (3)

and is oriented towards the Poynting vector of the incoming
field at the sampled point n (n ∈ [1, N ]), which is along the
local ẑ axis.

In matrix form, Equation 4 represents the linear system that
needs to be solved, as outlined in [3]. Solving[

Exz·x Exz·y
Eyz·x Eyz·y

] [
α⃗x

α⃗y

]
=

[
E⃗s·x
E⃗s·y

]
, (4)



(a) Field expansion (b) Beam tracing (c) Beam summation

Fig. 1. Main steps of a simulation using gaussian beams.

yields the following polarization coefficients for each beam,
with (same applies for YZ polarization):

Exz·x =

 Exz,1(r1) · x̂1 ... Exz,N (r1) · x̂1

...
Exz,1(rN ) · x̂N ... Exz,N (rN ) · x̂N

 (5a)

α⃗x =

αx,1

...
αx,N

 (5b)

E⃗s·x =

 Es(r1) · x̂1

...
Es(rN ) · x̂N

 . (5c)

The electric field can be determined at any given spatial
point by applying the recombination formula,

gE(gr) ≈
N∑

n=1

gKn × nEgb(
nr), (6)

in which gKn represents the transition matrix between the
local frame (n) of the nth beam and the reference frame (g)
of the system. Thus, gE(gr) denotes the electric field written
in the reference frame.

Table I illustrates the influence of the number of beams
on both field expansion and beam summation. These tests
were carried out on a 12-core processor with parallelism
optimizations enabled. As shown, it’s not necessary to use
an excessively high number of beams to achieve satisfactory
results. The median error consistently remains near -40 dB,
with a low standard deviation. The reference fields were
computed using the Stratton-Shu formula [8, p. 170], and the
error was assessed using

error =
|Esim −Eref |
max(|Eref |)

. (7)

TABLE I
RECOMBINATION ERROR ON THE E-PLANE W.R.T. THE NUMBER OF BEAMS

N duration
GBE [s]

duration
GBS* [s]

median error stdev error

2916 10 45 1.40 · 10−4 8.89 · 10−4

2116 5 35 1.33 · 10−4 8.62 · 10−4

1600 3 25 1.30 · 10−4 8.37 · 10−4

1296 2 20 1.35 · 10−4 7.99 · 10−4

1024 1.5 17 1.51 · 10−4 7.95 · 10−4

900 1 14 2.10 · 10−4 8.12 · 10−4

* xOz plane with 54000 points

C. Beam tracing

Each beam produced through the field expansion undergoes
tracking within the quasi-optical system. This step serves a
dual purpose: firstly, it aims to identify all points of inter-
section between the beams and the surfaces of the objects.
Secondly, it seeks to determine the complex curvature matrices
and polarization coefficients of both reflected and transmitted
beams at each interface, as described in [4, p. 6038]. Following
this, the reflected and transmitted beams are matched with the
incident beam by introducing an additional term into u(x, y, z)
(2), where t0 represents the distance between the origin of the
incident beam and the point of intersection. Further details can
be found in [9, p. 5].

ug(x, y, z) = u(x, y, z) · uinc(0, 0, t0)

u(⃗0)
exp

{
j
ϕinc(t0)

ϕ(0)

}
(8)

The system can be subdivided into multiple domains (as
shown in Fig. 2). At each interface, both forward and back-
ward, beam summation and field expansion (GBE) are con-
ducted.

D. Use case of this paper

The new simulation tool was employed to verify an as-
sumption made in the quasi-optical characterization setup. This
bench operates on the premise that the MUT is exposed to a
plane wave under normal incidence, using two GOLAs. The



(a) 3D view of the system

(b) Normalized intensity

Fig. 2. Example of quasi-optical system subdivided in several domains.

primary lobes of these horns generate quasi-Gaussian beams.
Consequently, the sole location where this assumption holds
true is at the beam waist, where the phase fronts are planar.

Fig. 3 illustrates a simulation in which the lens’ entry plane
is positioned 85 mm away from the antenna aperture. With this
setup, the system generates a collimated beam with nearly flat
phase fronts. This configuration is presumed to be optimal
for achieving the best results, as the exact positioning of the
MUT is not critical. The actual bench indeed employs this
distance between the aperture and the lens’ entry plane and
yields satisfactory results [1].

These simulation results were validated against measure-
ments obtained using a robotic test bench, as presented in the
following section.

III. MEASUREMENTS WITH A ROBOTIC TEST BENCH

A. Setup

The bench is divided in two parts. The first part remains
stationary and comprises a millimeter-wave converter, a diag-
onal horn (referred to as the source), and a PTFE lens. The
second part consists of a UR10e robotic arm with six degrees
of freedom, manufactured by Universal Robot. The latter is

(a) Normalized intensity (dB) (b) Phase (rad)

Fig. 3. Normalized intensity and phase of the beam at the output of the
GOLA.

operated by its digital twin through the RobotDK software
and receives instructions from a Python script.

The robot employs positions specified in its base reference
frame. Therefore, it is crucial to assess the orientation of the
source’s frame in relation to this base. Given the well-known
shape of the diagonal horn antenna, multiple positions are
measured on its surface using a calibration tool mounted on
the robotic arm. These various positions generate a point cloud
that can be analyzed to determine the z-axis of the source’s
frame and subsequently its optical axis. The same procedure
is applied to the lens, as shown in Fig. 4.

(a) Digital twin of the arm in cal-mode (b) Calibration tool

Fig. 4. Robot in the calibration mode.

After defining each frame, a second millimeter-wave con-
verter, coupled with an open-ended rectangular waveguide
(OEWG) probe, is mounted on the robotic arm (as depicted in
Fig. 5). A Vector Network Analyzer (VNA) is used to capture
and extract the four S-parameters from the millimeter-wave
converters that feed both the horn and the probe.

This setup enables the measurement of both the intensity
and phase of the electric field. Although it is a common
practice to apply corrections to measurements obtained from
an OEWG probe, please note that all measurements presented
in this paper have not undergone correction yet.

The goal of this section is to demonstrate the validity of the
results given by the simulation tool.

B. Measurements on the E-plane
The probe performs a scan of the yOz plane, initially along

the z-axis and then towards the y-axis. The lens is positioned



Fig. 5. Collaborative robot measuring the field produced by a GOLA.

(a) Intensity ratio (dB).

(b) Phase (rad).

Fig. 6. Comparison between the simulation and the measurements made on
the E-plane.

at the optimal distance to generate a paraxial beam. Fig. 6
shows the results of a scan with a step size of 1λ for the
y-axis and 0.1λ for the z-axis. There is a strong agreement
between simulation and measurements in terms of intensity,
and it is evident that the output beam is almost collimated.
However, one can observe the presence of ripples in the phase

that are not present in the simulation. Despite these ripples,
the phase fronts follow a consistent pattern and remain nearly
planar.

To investigate the source of these ripples, the same experi-
ment was conducted without the lens, and the ripples persisted
also in this case (see Fig. 7b). Additionally, Fig. 7c depicts
the same scan but done in a reversed order, i.e. the y-axis is
scanned before the z-axis. Interestingly, in this case, the ripples
are absent. Hence, the way of moving the robot is crucial in
preventing these positioning-related effects. The robot should
move first along the axis with the larger step size, which is
typically the transverse axis, as the phase varies rapidly at this
frequency.

(a) Simulation (b) z-axis first (c) y-axis first

Fig. 7. Impact of the robot movements on the absolute phase.

C. Impact of a lens’ offset and tilt

To verify whether the simulation tool can replicate the
impact of a misalignment of the lens, a test is conducted where
the probe is moved along the y-axis at a constant distance z
from the source. The lens is positioned in front of the horn but
is deliberately offset and tilted slightly. Its orientation is deter-
mined using the calibration tool. Subsequently, a simulation is
carried out using this orientation as input, and its results are
compared to the ideal scenario where no tilt occurs, as well
as to the measurements obtained with the robotic arm.

As illustrated in Fig. 8, there is a strong agreement between
the simulation and the measurement results.

IV. CONCLUSION

A suite of numerical tools, specifically tailored to handle
the large electrical size of the system, has been employed to
simulate the characterization bench. These simulation tools
have been validated against measurements obtained with a
robotic arm, demonstrating a strong level of agreement. Fur-
ther comparisons are being conducted for more complex
systems that involve mirrors and dielectric slabs.

In its calibration mode, the robotic arm enables a better
alignment of lenses and other quasi-optical components by
minimizing misalignment and offset. Nevertheless, it is im-
portant to carefully consider the robot’s movement during



Fig. 8. Influence of lens displacement and angulation on the phase, compar-
ison between the simulation result with measurement data.

measurements to prevent any disruptive effect. The robotic
bench is currently used for conducting three-dimensional mea-
surements by moving the probe and will be further employed
in an imaging setup for moving the material under test instead
of the probe.
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