
 
 

Delft University of Technology

Free-Space Subterahertz-Field Polarization Controlled by Selection of Waveguide Modes

Westig, Marc; Thierschmann, Holger; Katan, Allard; Finkel, Matvey; Klapwijk, Teun M.

DOI
10.1103/PhysRevApplied.16.024049
Publication date
2021
Document Version
Final published version
Published in
Physical Review Applied

Citation (APA)
Westig, M., Thierschmann, H., Katan, A., Finkel, M., & Klapwijk, T. M. (2021). Free-Space Subterahertz-
Field Polarization Controlled by Selection of Waveguide Modes. Physical Review Applied, 16(2), Article
024049. https://doi.org/10.1103/PhysRevApplied.16.024049

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1103/PhysRevApplied.16.024049
https://doi.org/10.1103/PhysRevApplied.16.024049


PHYSICAL REVIEW APPLIED 16, 024049 (2021)

Free-Space Subterahertz-Field Polarization Controlled by Selection of Waveguide
Modes

Marc Westig ,* Holger Thierschmann , Allard Katan , Matvey Finkel , and Teun M. Klapwijk
Kavli Institute of NanoScience, Delft University of Technology, Lorentzweg 1, Delft 2628 CJ, The Netherlands

 (Received 8 February 2020; revised 3 December 2020; accepted 29 July 2021; published 26 August 2021)

We experimentally study the free-space electromagnetic field emitted from a multimode rectangular
waveguide equipped with a diagonal-horn antenna. Using the frequency range of 215–580 GHz, a pho-
tomixer is used to launch a free-space circularly polarized electromagnetic field, exciting multiple modes
at the input of the rectangular waveguide via an input diagonal-horn antenna. A second photomixer is
used, together with a silicon mirror Fresnel scatterer, to act as a polarization-sensitive coherent detector
to characterize the emitted field. We find that the radiated field, excited by the fundamental waveguide
mode, is characterized by a linear polarization. In addition, we find that the polarization of the radiated
field rotates by 45◦ if selectively exciting higher-order modes in the waveguide. Despite the higher-order
modes, the radiated field appears to maintain a predominant Gaussian beam character, since an unidirec-
tional coupling to a detector was possible, whereas the unidirectionality is independent of the frequency.
We discuss a possible application of this finding.

DOI: 10.1103/PhysRevApplied.16.024049

I. INTRODUCTION

Terahertz (THz) waves lie in the frequency range 100
GHz–30 THz between microwaves and visible light and
have properties in common with both frequency domains.
For instance, THz waves show partial absorption or reflec-
tion from objects due to the rich THz excitation spectrum
of matter and provide a high-enough spatial resolution
for imaging and detector applications because of their
submillimeter wavelength. The progress in THz devices
and measurement techniques [1–3], therefore, has conse-
quently led to the need for an improved understanding of
light properties at the intersection of free-space optics and
waveguide circuit technologies. Waveguide circuit tech-
nologies comprise planar circuits and three-dimensional
conductors such as hollow waveguides, commonly used to
controllably radiate and detect THz waves [4].

In the realm of THz research, circuit quantum electro-
dynamics (cQED) has recently gained attention, whereas
cQED commonly employs much lower frequencies up to
about 10 GHz. In view of the work of Wallraff et al. [5],
which established microwave photons confined to a qubit
circuit at milli-Kelvin temperatures in interfridge quantum
experiments, THz waves with their ability to couple effi-
ciently to free space would provide cQED with a paradigm
change. The idea has recently been explored in the work of
Sanz et al. [6], who proposed extending cQED concepts
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to open-air microwave quantum communication, quan-
tum illumination, and quantum sensing. This could show
routes to enable transfer of quantum states between fridges,
but seems to require antennas connecting in a scalable
manner the respective experiments via free space. Accord-
ingly, the technical concept of emission and reception of
microwave and THz quantum signals by means of anten-
nas shall be included in the cQED framework. Moreover,
to push the field forward, a major challenge consists in fur-
ther improving and exploring methods, compatible with
cQED, to emit, receive, and analyze free-space signals
using antennas and hollow waveguides.

Recently, we have demonstrated how THz photomix-
ers [7] can be used to probe and analyze a single-mode
THz signal with a linear polarization, transmitted through
a waveguide [8]. This has enabled us to study the waveg-
uide from the perspective of a single-mode communication
channel. In our previous work, we have further studied
the suitability of waveguides to pick up nonclassical sig-
nals generated by cQED devices [9–19] and to radiate the
quantum field with a linear polarization into free space
via a diagonal-horn antenna. In this regard, cQED devices
have been explored as sources for the waveguide field.
In particular, cQED devices with their large flexibility
of generating various electromagnetic fields characterized
by quantum or classical photon statistics could provide
essentially any desired electromagnetic field for a large
class of applications. The THz domain of quantum exper-
iments at milli-Kelvin temperatures allows one to conduct
experiments in the deep quantum regime with effectively
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zero thermal photon population. This may be achieved
by pursuing two different strategies. First, THz radiation
can be generated by Josephson junctions, as described in
Ref. [15]. However, as already described in Ref. [15],
in order to achieve this, a superconducting material with
an energy gap � is needed for the Josephson junction
electrodes, such that 2�/h reaches the desired frequency,
where h is the Planck constant. If the material niobium
is employed to fabricate the electrodes of the Josephson
junction, the maximum frequency that may be gener-
ated can reach 700 GHz. Other superconducting materials
such as NbN or Nb-Ti-N with a higher energy gap than
niobium have to replace at least one niobium electrode
material of the Josephson junction in order to push this
frequency above 700 GHz. One challenge in this more
advanced fabrication is the material composition of NbN
or Nb-Ti-N. In particular, it seems advantageous to replace
the barrier material, changing the commonly employed
aluminum oxide barrier used frequently in cQED, to the
material AlN that provides high-quality NbN or Nb-Ti-N
junction technologies with low leakage currents and, if
desired, with high current densities also [20–22]. On
the other hand, among other nitride-based superconduc-
tors, NbN shows a high kinetic inductance, which has
recently enabled four-wave mixing around 100 GHz [23].
In the aforementioned experiments, however, the radiation
may be generated within a cryogenic environment, i.e.,
these are intrafridge experiments. Furthermore, in these
intrafridge experiments, in order to reach the quantum
regime, hν � kBT, with ν the frequency, T the tempera-
ture of the cryogenic environment, and kB the Boltzmann
constant.

The second strategy, compatible with the techniques
presented in our work, is to generate the THz radiation
outside the cryogenic environment and to couple the THz
radiation via optical ports into the cryogenic environment,
i.e., into the fridge. In order to generate a large variety of
THz radiations, as an example of many other technologi-
cal directions, the quantum cascade laser [24,25] may be
employed as a very useful device that can additionally be
operated at liquid nitrogen temperatures. This means that
the operation of the quantum cascade laser is not limited
by technologically demanding ultralow temperature exper-
iments using liquid helium. Also, it has been shown that
the quantum cascade laser is suitable for combination with
waveguide devices in order to controllably guide the gener-
ated radiation to free space [26]. Finally, it should be noted
that in Ref. [25], four-wave mixing has been realized in
a quantum cascade laser device, i.e., at least the possibil-
ity is suggested to generate THz radiation with interesting
quantum statistics.

With this perspective, the polarization of the THz
photon becomes a particularly interesting parameter, as
it could enable THz photon entanglement experiments
with the polarization being the entanglement parameter.

However, in the THz domain it is a difficult task to
carry out a quantitative measurement of the polarization
[Fig. 1(a)] without significantly disturbing the signal. The
reason is that the Rayleigh length of optical elements in
the THz frequency range is usually small, i.e., only slightly
larger than the beam waist, such that one often operates at
the onset of beam divergence.

In the present work we aim at enhancing the toolset
for THz experiments by establishing a simple method for
the generation, adjustment, and measurement of such a
polarization.

We study in experiments and numerical simulations
the polarization state of a multimode free-space sub-THz
field as a function of frequency in the range 215–580
GHz, which is launched from a rectangular waveguide
and a diagonal-horn antenna; see Fig. 1(b). We present a
method to measure the polarization state resulting from
these multiple modes of the free-space sub-THz field
using a coherent detector (photomixer) in combination
with a planar silicon mirror acting as a Fresnel scat-
terer. This enables us to determine the polarization com-
ponents with high accuracy and without the need for
any optomechanical components such as rotatable polar-
izers. In particular, this renders our method suitable for
ultrahigh frequency cQED experiments in a cryogenic
environment.

We find that, when only the fundamental TE10 mode of
the waveguide is excited, as expected, the field emitted
by the diagonal-horn antenna is characterized by a pre-
dominantly linear polarization. This is consistent with our
earlier findings reported in Ref. [8], whereas the emitted
field still contains a crosspolarization power component
of about 5%. At higher frequencies we find in both sim-
ulations and experiments that excitation of higher-order
modes of the waveguide (TE20, TE01, TE11, and TM11)
leads to a well-defined rotation of the polarization by up
to 45◦; see Fig. 1(c). Despite the higher-order modes, the
radiated field appears to maintain a predominant Gaus-
sian beam character, since an unidirectional coupling to
a detector was possible, whereas the unidirectionality is
independent of frequency.

Section II provides the theoretical basis for the experi-
mentally observed polarization rotation effect of the emit-
ted THz field, starting from waveguide theory and, even-
tually, describing the simulation of the near- and far-field
generations of the THz field by the diagonal-horn antenna.
In Sec. III we describe various details of the experiment,
including the design of the fabricated waveguide and the
diagonal-horn antennas, as well as the functionality of
the photomixers. Section IV describes the measurement
setup. Section V explains the measurement procedure and
the method of analysis. Section VI discusses the results.
Section VII concludes our work. Furthermore, we provide
a detailed Appendix, comprising a description of the cal-
ibration of our setup, far-field simulations of the output
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(a)

(b)

(c)

FIG. 1. (a) Conventional way of transforming a left-circularly
polarized electromagnetic field into a linearly polarized field, by
rotating mechanically a quarter-wave plate to the desired angle.
(b) Multimode waveguide and diagonal-horn antenna assembly,
acting as a nonmechanical 45◦ polarization rotator, demonstrated
in this work. The excitation of multiple waveguide modes with
the circularly polarized field distributes the field energy equally
among the waveguide modes, indicated by the red and blue pho-
tons. (c) Exciting only the fundamental waveguide mode leads
to a radiated field from the output diagonal-horn antenna with
a well-defined linear polarization along the η axis (copolariza-
tion axis) of the aperture coordinate system of the diagonal-horn
antenna, shown as the red photon. Furthermore, exciting higher-
order waveguide modes leads to a radiated field with a 45◦
rotated polarization due to a superposition of linear polarizations
along the η axis and ξ axis (crosspolarization axis), shown as the
blue photon.

field of the diagonal-horn antenna, and a discussion of
a single-photon detector calibration using our waveguide
and diagonal-horn antenna device.

II. POLARIZATION ROTATION FROM
WAVEGUIDE THEORY AND SIMULATION

The electric and magnetic field distributions in all three
spatial directions (Ex,y,z and Hx,y,z) in a rectangular waveg-
uide are fundamentally derived as solutions of the reduced
wave equations for the electromagnetic field in the waveg-
uide:

(
∂2

∂x2 + ∂2

∂y2 + k2
c

)
hz(x, y) = 0, (1a)

(
∂2

∂x2 + ∂2

∂y2 + k2
c

)
ez(x, y) = 0. (1b)

The z direction is the longitudinal direction of the waveg-
uide and the diagonal-horn antenna and at the same time
the propagation direction of the electromagnetic field in
the waveguide and in the diagonal-horn antenna. Further-
more, Eq. (1a) obtains solutions for transversal electric
fields for which Ez = 0 and Eq. (1b) obtains solutions for
transversal magnetic fields for which Hz = 0. Moreover,
in the above equations, hz fulfils the relation Hz(x, y, z) =
hz(x, y) exp (−iβz) and ez fulfils the relation Ez(x, y, z) =
ez(x, y) exp (−iβz). In particular, kc =

√
k2 − β2 is the

cutoff wave number of the waveguide or a segment of the
diagonal-horn antenna, with k being the wavevector and β

being the propagation constant.
Application of suitable boundary conditions capture

the geometry of the waveguide and of the diagonal-horn
antenna.

Specifically, to describe the electromagnetic field in our
waveguide and diagonal-horn antenna device, a precise
description of the transition from the waveguide to the
diagonal-horn antenna is necessary. This transition is a
complex mechanical transition [see ii and iii in Fig. 3(e)],
which renders a precise analytical solution of the wave
equation, Eqs. (1a) and (1b), unpractical.

Additionally, for our purposes, the description of the
transition from the near to the far field for a multimode
electromagnetic field, emitted or received by the diagonal-
horn antenna, is important for the quantitative analysis of
our experimental results. For a precise evaluation of the far
field of the diagonal-horn antenna, the starting point would
be a precisely known aperture field that could then be
expanded into Gauss-Hermite functions, in order to obtain
the far-field radiation pattern.

To this end, instead of a fully analytical solution, we
have solved the above equations in a CST [27] simulation of
the nominal waveguide and diagonal-horn antenna dimen-
sions and shapes, since we expect from this route more
precise results for our later analysis.

The near-field simulation results are shown in Fig. 2 and
we specify further in Fig. 3 and Sec. III A the waveguide
and diagonal-horn dimensions. Furthermore, we represent
E- and H -plane cuts of the electromagnetic field in the
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H plane

(a)

E plane

H plane E plane

E plane

(b)

H plane

(c)
V
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V
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V
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V
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V
/m

V
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FIG. 2. Near-field simulation results of the electric portion of the electromagnetic field, expressed as electric field intensity, in the
experimentally implemented antenna-feed waveguide (rectangular section with dimensions a and b) and bell-mouthed diagonal-horn
antenna shape, obtained with the CST software [27]. In the antenna-feed waveguide, which is further connected to the waveguide
channel [see Figs. 3(b), 3(c), and 3(e)], a certain mode of the electric portion of the electromagnetic field is excited predominantly in
the H or E plane. After the waveguide excitation, however, an electric field develops in both planes of the diagonal-horn antenna. The
electric field intensities in the diagonal-horn antenna planes are mode dependent. The figure summarizes the results for the first three
propagating modes at reasonably selected frequencies: (a) TE10 (270 GHz), (b) TE20 (480 GHz), and (c) TE01 (480 GHz). Note that
the overall values of the electric field intensities, the intensities being quantified by the scales in units of V/m, in the E and H planes
of the diagonal-horn antenna for the TE10 mode (a) are approximately swapped between same E and H planes for the TE01 mode (c).
The overall values of the electric field intensities in the E and H planes of the diagonal-horn antenna are approximately the same for
the TE20 mode (b). With these three modes in superposition, polarization rotation by 45◦ occurs around the wavevector kz , suggested
by Fig. 3(a).

waveguide and the diagonal horn-antenna in Fig. 2. In par-
ticular, the E and H planes are defined on the basis of the
fundamental mode (TE10) of the waveguide, whereas the
E plane is the plane containing the electric field vector
and the H plane is the plane perpendicular to the elec-
tric field vector. The near-field simulation results show the
projection of the electric field onto the E and H planes,
where red colors indicate an electric field maximum and
blue colors indicate an electric field minimum, further
characterized by positive and negative numbers in units

of V/m. Furthermore, since the diagonal-horn antenna is
much larger than the wavelength of the respective propa-
gating modes, our simulations evaluate electric fields with
several electric field maxima (red colors) and electric field
minima (blue colors); see Fig. 2.

In general, the polarization of an electromagnetic field is
defined as the oscillation direction of the electric field com-
ponent of the electromagnetic field. Therefore, Fig. 2(a)
shows the expected result for the TE10 mode in which the
electric field oscillates out of the H plane (red colors) and
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into the H plane (blue colors); therefore, the polarization
is perpendicular to the H plane and parallel to the E plane.
Note in particular the scale for the electric field in units
of V/m, shown for each simulated E- and H -plane cut of
the diagonal-horn antenna shape. In Fig. 2(a) the predom-
inant electric field is established in the H plane, whereas
it is approximately 3 orders of magnitude smaller in the E
plane. This effect establishes the predominant direction of
the polarization described before.

In contrast, Fig. 2(c) suggests that, for the TE01 mode,
the polarization is perpendicular to that of the TE10 mode.
This is, as described before, evidenced by the electric
field strength. This time, however, the electric field is
established predominantly in the E plane, whereas it is
approximately 3 orders of magnitude smaller in the H
plane. Since, the E and H planes are perpendicular to each
other, the polarization in the TE01 is also perpendicular to
the polarization of the TE10 mode. Once these two modes
propagate simultaneously, the effective polarization is the
vector sum of the two polarizations of the modes; hence,
the polarization is rotated by 45◦.

In particular, we show in Appendices C and D that the
far field shows corresponding features. This is an impor-
tant aspect since the far field is coupled to our detection
scheme.

The described effects are the fundamental basis of our
experimentally observed polarization rotation by approxi-
mately 45◦.

Additionally, the higher-order TE20, TE11, and TM11
modes result in essentially near-field patterns of the like
shown in Fig. 2(b). Here, the near field shows a funda-
mentally different pattern compared to those in Figs. 2(a)
and 2(c). At a given longitudinal position, on one side of
the symmetry axis of the diagonal-horn antenna, a max-
imum or minimum electrical field is obtained, whereas
on the other side of the symmetry axis at the same lon-
gitudinal position, a respective opposite field is found.
Additionally, the field intensities in the H and E planes are
practically equal. This means that the effective polarization
would be zero when averaged over the diagonal-horn aper-
ture. Near-field effects of this kind, essentially a capacitive
effect due to the confined geometry of the diagonal-horn
antenna and the waveguide, are known to vanish in the
far field. In the far field, equal amounts of power are
then obtained in the co- and crosspolarization components
of the diagonal-horn antenna, as we describe in Appen-
dices C and D and show with the far-field simulation
results plotted in Figs. 8(c) and 8(d) for the TE20 mode.
The equal power components in the co- and crosspolar-
ization components of the far field of the diagonal-horn
antenna for the TE20, TE11, and TM11 modes lead to indi-
vidual propagating fields with approximately 45◦ rotated
polarization. When all five modes propagate, a superposed
electromagnetic field is obtained, being characterized by
the aforementioned rotated polarization.

Importantly, for the far field, in our simulations we study
the higher-order propagating modes in the waveguide and
the created multimode (in our case up to five) electro-
magnetic field. Interestingly, we have discovered that this
field is characterized by co- and crosspolarization compo-
nents of the electric field that are practically in-phase in the
same mode, when radiated from the diagonal-horn antenna
into free space. Furthermore, our multimode simulations
reveal that the phase-delay between the aforementioned
far-field (i.e., free-space) electric fields in different modes
is practically negligible as well. This means that the differ-
ent modes are emitted by the diagonal-horn antenna in a
coherent fashion and are practically not time delayed with
respect to each other. This is key for an effective polariza-
tion rotation of 45◦ to happen and for generating a coherent
electric field with a predominant linear polarization content
and with a negligible circular polarization content.

III. EXPERIMENTAL SYSTEM

A. Waveguide assembly

In order to test the aforementioned prediction, our start-
ing point is the machined diagonal-horn antenna and
waveguide assembly shown in Fig. 3(a), suitable for the
frequency range 215–580 GHz. Similar units are com-
monly used in mixer assemblies for heterodyne detection
in astronomical instruments (see, for example, Ref. [28]).
It is made from the material CuTe, with waveguide
dimensions [Figs. 3(c) and 3(e)] of a = 800 μm and
b = 400 μm. At each end a diagonal-horn antenna is
attached with the feedpoint of the two antennas matching
the waveguide dimensions.

Figure 3(a) shows a completed unit and a representa-
tion of an emitted electromagnetic field. The diagonal horn
can be disassembled into two halves along its E plane
[Fig. 3(b)], which reveals its dimensions as defined in
Fig. 3(d). The dimensions in Fig. 3(d) of the diagonal-
horn antenna aperture (left) and the profile (right) are
wA = 9.9 mm (geometric aperture width), l = 7 mm (geo-
metric aperture edge length), wF = 400 μm (waveguide
feed, b side), LF = 19.6 mm (feed length), LP = 21.48 mm
(profile length), and wC = 4.91 mm (width of the horn
profile at distance LF/2 from the feedpoint).

The cross sections shown in Fig. 3(e) picture the elec-
tromagnetic field of the fundamental TE10 mode in the
waveguide [Figs. 3(b) and 3(c)] at position i and the
diagonal-horn antenna aperture at position iv. In the last
panel of Fig. 3(e), we depict the aperture coordinates η and
ξ , already introduced in Fig. 1(c). The co- and crosspolar-
izations point in the directions of η and ξ , respectively.

The signal path in our setup is as follows. The input
diagonal-horn antenna receives an electromagnetic sub-
THz field generated by a photomixer, exposed to the signal
of two coupled distributed feedback lasers. This signal
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(a)

(d) (e)

(b) (c)

H plane

H plane H plane

E plane

E plane
E plane

FIG. 3. Design, components, and assembly of the fabricated diagonal-horn antenna and waveguide device. (a) The completed assem-
bly, diagonal-horn antennas opened along the E plane (b) that are connected by a full-height rectangular waveguide (c). In the left-hand
diagram of (b), the black profile emphasizes the antenna profile; the right-hand diagram of (b) shows the subdivision into cross sections
(i)–(iv), shown in more detail in (e). (d) Cross sections of the diagonal-horn antenna aperture (left) and the profile (right). (e) Cross
sections indicated in (b), showing the inner conductor shape of the waveguide and the diagonal-horn antenna, with the electromagnetic
field of the fundamental TE10 mode in the waveguide and diagonal-horn antenna at positions i and iv. The η-ξ aperture coordinate
system is shown in iv.

excites the waveguide with the multimode field. Subse-
quently, the waveguide excites the output diagonal-horn
antenna that then emits a multimode electromagnetic field
into free space where it gets reflected from the planar sili-
con mirror towards a coherent detector, where it is detected
and analyzed.

B. Photomixers

To build the foundation for a better understanding of
our experiments, we describe in more detail the operation
of the photomixers by means of our experimental setup,
shown in Fig. 4. The frequency-tunable electromagnetic
signal, in the frequency range 215–580 GHz, is gener-
ated and detected by superimposing the outputs of two 780
nm distributed feedback (DFB) lasers in a beam combiner
(BC) and shone on two GaAs photomixers connected at the
output of the beam combiner via polarization maintaining
fibers. One photomixer acts as a coherent sub-THz source
(S) and the second acts as a coherent sub-THz detector
(D) [29]. The incident laser power on each photomixer is
approximately 30 mW. The desired frequency of the sub-
THz electromagnetic field is set by adjusting the difference
frequency, f , between the two DFB lasers. Optimal cou-
pling between all optical elements is achieved by arranging

the setup in such a way that the propagating Gaussian
beam divergence is minimized and a narrow beam hits the
detector.

The planar-silicon mirror at the output makes it possible
to measure the polarization using Fresnel scattering, to be
discussed below, without using any movable parts and with
a minimal number of optical components.

IV. MEASUREMENT SETUP

The polarization rotation is measured based on the prin-
ciple of Fresnel scattering, implemented by the scattering
of the electromagnetic field from a silicon mirror; see
Fig. 4. The scattered field is received by the detector
with different signs, because either the positive or nega-
tive region of the electromagnetic field oscillation reaches
the detector area first. Equivalently, this corresponds to a
phase shift of π of the electromagnetic field that depends
on the linear polarization of the field, according to Fresnel
theory [30]. The sign is measured directly in our coherent
detection scheme, since it determines the dc-photocurrent
direction.

The signal is detected by coherent detection of the
scattered electromagnetic field, which contains the phase
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FIG. 4. Measurement system to measure the polarization at the output of the diagonal-horn antenna. Coherent sub-THz source and
detector are used and the lock-in detected signal is displayed as a function of frequency. The planar silicon mirror (PM; TYDEX
[32]) acts as a Fresnel scatterer and enables the polarization measurement. It reflects linearly polarized electric fields with polarization
components parallel and perpendicular to the plane of incidence (paper plane), with opposite signs (and slightly different magnitudes)
into the aperture of the coherent detector. Two successive measurements result in the detector currents I E

dc and I H
dc, Eqs. (3a) and (3b),

when the E and H planes of the waveguide (see Fig. 3) and diagonal-horn antenna are successively aligned parallel to the plane of
incidence. This implements a direct measurement of the correlation function in Eq. (4). A beam absorber (BA) attenuates a standing
wave in the setup.

information for the two different waveguide orientations
(see the caption of Fig. 4), which we adjust in two
successive measurements. The phase information of the
detected field is extracted by postprocessing the frequency-
dependent transmission data between the source and detec-
tor in Fig. 4 by means of a Hilbert transformation [8,31],
described below. In this way we build the basis for the
evaluation of the phase-phase correlation function [Eq. (4)]
for the two different waveguide orientations.

Two details are important in the interpretation of our
measurement results. First, the direction of the current flow
in the detector. The dc photocurrent Idc is periodic with the
detuning frequency f and dependent on the delay length
�L = LS + L0 − LD between the optical fibers, including
the free-space path of the sub-THz field from the source to
the detector [31]. Here LS and LD are the (different) opti-
cal path lengths traveled by the two superimposed DFB
laser fields to the source and detector through the opti-
cal fibers. The length L0 is the additional path length,
traveled by the sub-THz field from the source to the detec-
tor through free space, through the diagonal horns and
through the waveguide (black wiggly and dashed arrows
in Fig. 4). Second, the sign and the magnitude of Idc is
also determined by two more sets of parameters related
to the Fresnel scattering effect. The first parameter set is
the sign and the absolute value of the Fresnel amplitude
reflection coefficient, r⊥,‖(f ), of the electromagnetic field
at the output of the planar silicon mirror, where the elec-
tric field component has a polarization perpendicular (⊥)
and/or parallel (‖) to the planar silicon-mirror plane of inci-
dence. Furthermore, the sub-THz electromagnetic field has
a well-defined phase ϕ⊥ or ϕ‖ for each of the two polariza-
tions. Generally, these phases dot not have the same values,
but are in practice not much shifted with respect to each
other. The second parameter is the amplitude of the electric

component, contained in the two polarization components
perpendicular (⊥) and/or parallel (‖) with respect to the
planar silicon-mirror plane of incidence. In this work it is
sufficient to determine the phases of the output field for
two different orientations of the waveguide.

The polarization angle of the output field of the
diagonal-horn antenna follows now from a statistical
analysis by means of a phase-phase correlation function
[Eq. (4)]. The idea is that the phase of the output field
after scattering from the planar silicon mirror into the
detector differs by a shift of exactly π between the two
successive measurements, which signals the detection of
pure ⊥ and ‖ components. This π shift of the phase is
well known and described by Fresnel theory [30], but it
should be supplemented with another phase shift due to
the finite thickness of the planar silicon mirror. For the
real-valued detector currents Idc(f ), flowing in response
to a detected electromagnetic field of frequency f , the
analytical complex-valued detector current reads

Idc(f ) = Idc(f ) + iH[Idc(f )] = S(f ) exp[iφ(f )]. (2)

Here, H(·) is the Hilbert transformation [33], φ(f ) is the
instantaneous phase of the signal, and S(f ) is the instanta-
neous amplitude. For the rest of the paper, φ(f ) is the key
observable from which we derive our results, explained in
more detail below.

A phase shift deviating from π , eventually, resulting
in phase jumps in the detector, is expected for an output
field characterized by a mixture of ⊥ and ‖ components.
We explain this case in more detail in the following para-
graph, in particular the case of an equal mixture of ⊥ and
‖ components, and, hence, an output field with 45◦ rotated
polarization.
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V. MEASUREMENT PROCEDURE AND METHOD
OF ANALYSIS

A. Obtaining the data

The sub-THz electric field component received by the
detector leads to an ac voltage drop across an interdigi-
tated capacitor part of the detector with a frequency equal
to the difference in laser frequencies f . Together with
the laser-induced impedance modulation at the same fre-
quency, but in general with a different phase, a coherent
dc photocurrent, Idc(f ), flows in the positive or negative
direction (dependent on the phase) across the feedpoint of
the log-spiral circuit. We detect this dc photocurrent with a
postamplification scheme described in Ref. [8], with each
data point integrated over 500 ms. This detection scheme
resembles a coherent detector at sub-THz frequencies with
a high-dynamic range up to 80 dB [29], as described by
Roggenbuck et al. [31]. A beneficial aspect of this scheme
is that it measures the transmitted amplitude rather than
only the transmitted power. This allows us to use the planar
silicon mirror in our setup as a Fresnel scatterer.

We perform our measurements in two successive steps.
First, we align the waveguide and diagonal-horn antenna
with the E plane parallel to the plane of incidence and, sec-
ond, we align them with their H plane parallel to the plane
of incidence. For each of these steps, we record the detector
current [given in analytical form in Eqs. (3a) and (3b)] as
a function of frequency, covering the range 215–580 GHz.
For the fundamental waveguide mode up to a frequency of
about 400 GHz, determined by the diagonal-horn antenna
and the rectangular waveguide geometry [8], the polariza-
tion is predominantly parallel to the E plane. By rotating
the rectangular waveguide and diagonal-horn antenna by
90◦, we also rotate the polarization by the same amount.
By adding the planar silicon mirror to the setup described
in Ref. [8], we obtain the polarization-sensitive coherent
detector.

In the measurement situation in which the rectangular
waveguide and diagonal-horn antenna assembly is aligned
such that the E or H plane is parallel to the silicon-mirror
plane of incidence, we can express the detector currents as

I E
dc(f ) = C

∑
l

A × Re[r‖(f )]EE
l cos

[
2π f �L

c0
+ ϕ

‖
l + �ϕ

‖−⊥
l

]
C(1)

l (f ) + Re[r⊥(f )]EH
l cos

[
2π f �L

c0
+ ϕ⊥

l

]
C(2)

l (f ),

(3a)

I H
dc(f ) = C

∑
l

Re[r⊥(f )]EE
l cos

[
2π f �L

c0
+ ϕ

‖
l

]
C(3)

l (f ) + A × Re[r‖(f )]EH
l cos

[
2π f �L

c0
+ ϕ⊥

l + �ϕ
‖−⊥
l

]
C(4)

l (f ).

(3b)

The amplitudes EE,H
l quantify the field strength in the E or

H plane for a given mode l ∈ {0, . . . , 5} (for more details,
see Appendices C and D). Up to a constant they fully deter-
mine the size of the detector current. When multiplied by
the Fresnel scattering amplitudes r‖,⊥ and up to a propaga-
tion factor with the polarization orientation in free space,
the resulting expression is equivalent to free-space prop-
agating fields E‖ or E⊥. Furthermore, c0 is the velocity
of light in vacuum and C = dZ0/2Z2

det ≈ 1 × 10−12−1 ×
10−13 m/� is the coupling constant between the free-space
electromagnetic field and the detector that we assume to
be the same for the ‖ and ⊥ components. Once the detec-
tor is fixed on the optics table and its position cannot be
optimized anymore for maximal response, the coupling to
the detector will be different for the x-z and x-y planes
due to imperfections in the detector. We account for this
asymmetry by the constant A = 0.85, which we determine
experimentally by measuring the Fresnel amplitude reflec-
tion coefficients for the ⊥ and ‖ components (for more
details, see Appendix B).

The real part of each Fresnel amplitude reflection coef-
ficient in Eqs. (3a) and (3b) contributes in two ways to
the measured dc photocurrent. First, it evaluates the sign
(or, equivalently, the phase shift) of the scattered wave
and, second, it quantifies the frequency-dependent reflec-
tion of the electromagnetic field from the planar silicon
mirror.

The argument of the cosine, 2π f �L/c0, describes
the frequency periodicity of the detected field when it
arrives with a certain time delay �L/c0 at the detector, as
described before. The phase shifts of the detected polar-
ization components, φ‖,⊥, add in a similar fashion to the
argument of the cosine. In our modeling we equate the
phase difference between the co- and crosspolarizations
(cf. Sec. VI A) with φ‖ while setting φ⊥ = 0. Further
details are shown in Figs. 9(b) and 9(d) of Appendix D.

We also account for the imaginary part of the Fres-
nel amplitude reflection coefficients upon scattering from
the planar silicon mirror by evaluating their difference in
phase shift between ‖ and ⊥ components, �φ

‖−⊥
l . The
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fundamental reason for this extra phase shift is the finite
thickness of the planar silicon mirror that imposes different
phase shifts on the ‖ and ⊥ components when scattered to
its output.

Finally, the current correction coefficients Ci
l=0

(f ) = 1 (single mode) and Ci
l(f ) ∈ [0, 1] for l > 1 (mul-

tiple modes) are unknown. Nevertheless, these coeffi-
cients provide the basis for corrections to the detector
current. Such a correction seems necessary because, for
the case l > 1, multiple currents flow in parallel in the
active detector area while one measures only the result-
ing (sum) effective current. In standard photomixer theory,
the theoretical framework of multiple-mode detection is
not largely discussed and no solution has emerged so
far.

B. Data analysis

In order to extract the polarization content from the
measured detector responses, contained in the phases of
Eqs. (3a) and (3b), we need to perform a statistical analy-
sis on these instantaneous phases by means of correlation
functions. The Hilbert transformation, Eq. (2), evaluates
the instantaneous phases φE(f ) or φH (f ). Each of these
phases as a function of frequency can be selected by
orienting the rectangular waveguide and diagonal-horn
antenna assembly with its E or H plane parallel to the
silicon-mirror plane of incidence.

In the experimental data, the origin of instantaneous
phase values and most dominant contributions are hid-
den. However, from Eqs. (3a) and (3b), a number of
different contributions to the phase shift are obvious. The

(a)

(b) (c)

FIG. 5. Overview of the results on the measured polarization of the rectangular waveguide and diagonal-horn antenna assembly
over the frequency range 215–580 GHz. The line at the top indicates the presence of a number of higher-order modes. Note the
scale change at 315 GHz. (a) Experimental (black) and simulation (red) results together with results for the single-mode (orange)
and multimode (blue) model. The experimental data points (black) are evaluated from histograms, such as that shown in the inset, by
dividing the positive counts by the negative ones, pos/neg (left y axis). The black histograms contain the experimental values of the
instantaneous phase-phase correlation function for the output electromagnetic field, cos(φE) × cos(φH ) [Fig. 4 and Eq. (4)]. Panels (b)
and (c) suggest a change of the direction of the polarization of the diagonal horn output field due to multiple mode excitation of the
waveguide. Panel (b) suggests the polarization direction when only the fundamental mode is excited in the waveguide and panel (c)
suggests the polarization direction when multiple modes are excited.
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most dominant terms are of the form Re[r‖,⊥(f )]EE
l and

Re[r‖,⊥(f )]EH
l and are those that are due to the Fresnel

scattering. Finally, a correlator of the form

C(φE , φH ) = cos(φE) × cos(φH ) (4)

yields the phase-phase correlation function of the instanta-
neous phases. In particular, Eq. (4) evaluates to “1” when
the instantaneous phases of the E and H planes are in-
phase and it evaluates to “−1” when they are out-of-phase,
i.e., shifted by π with respect to each other. Such a shift is
expected for an ideal linear polarization due to the Fresnel
scattering. Continuous values between “1” and “−1” are
possible as well and quantify some extra phase shifts that
can occur. These extra phase shifts have as a source the
terms ϕ

‖,⊥
l and �ϕ‖−⊥ in Eqs. (3a) and (3b). They are usu-

ally small, i.e., influencing the measurement results only in
a range smaller than the error bars in Fig. 5, compared to a
more dominant effect, occurring when two similarly large
orthogonal polarizations scatter off the planar silicon mir-
ror and are detected at the same time. This drives positive
as well as negative detector currents (see Appendix A) that
tend to cancel each other, leading to phase jumps and con-
tinuous correlator values between “1” and “−1”. This is
also the expected experimental signature of the 45◦ linear-
polarization rotation; see Fig. 1(c). For the case of a linear
polarization, containing just a small crosspolarization com-
ponent, one expects a different distribution of correlator
values “1” and “−1” compared to a 45◦ linear-polarization
rotation. In the former case, mostly values of “−1” should
be obtained because of the smallness of the crosspolariza-
tion component. We confirm this outcome consistently in
our experiment.

It is beneficial to understand the experimental data, by
evaluating the correlator in Eq. (4) over a meaningful fre-
quency bandwidth in the measured frequency range. For
measurements exciting only the fundamental TE10 mode,
we evaluate the correlator over a bandwidth of 10 GHz
to obtain a single data point, and for measurements that
excite higher-order modes, we have chosen a bandwidth of
20 GHz. Through this choice a large enough sample of cor-
relator values can be used to compare with the theoretical
model. In addition, it has proven to be convenient to quan-
tify the correlator by plotting its values in a histogram, as
shown in Fig. 5.

VI. DISCUSSION OF THE RESULTS

In our experiment, we have measured the multimode
field from the output diagonal-horn antenna through the
detector currents I E

dc(f ) and I H
dc(f ) as a function of fre-

quency. The detector currents are modeled by the analyti-
cal forms of Eqs. (3a) and (3b). The statistical analysis of
the detector currents leads to histograms like that shown in
the inset of Fig. 5(a). They contain the value distribution

of the phase-phase correlation function, Eq. (4). In a next
step we sum over the positive and negative counts in the
histograms and build the quotient pos/neg. This is shown
as the black data points that refer to the left part of the y
axis in Fig. 5(a).

In order to relate this measurement to the polarization
angle β [shown in Fig. 5 and also in Fig. 1(c)], we com-
bine our measurements with electromagnetic field simula-
tions of the radiation pattern from the exact diagonal-horn
antenna geometry. From these simulations, we obtain the
electric field strengths Eη and Eξ , which the diagonal-
horn antenna radiates into the far field with the rectangular
waveguide acting as the excitation source. The polarization
angle is given by

β = arctan (Eξ /Eη). (5)

We use the computer-aided three-dimensional mechanical
design of the diagonal-horn antenna to model the exact
antenna geometry in the electromagnetic field simulation
software CST [27].

A. Fundamental TE10 mode

First, we discuss the results for the fundamental TE10
mode and address later the multimode case. When exciting
this mode in the simulation, propagating over the range
180–360 GHz, we obtain at each selected frequency a
set of electric field strengths (Eη, Eξ ). They quantify the
far-field radiation pattern and through this the direction
of the polarization also, illustrated in Fig. 5(b). This is
shown as the red data points in Fig. 5(a), which are con-
sistent with a 5% crosspolarization power component of
the diagonal-horn antenna. For more details on the fre-
quency dependence of the crosspolarization, we refer the
reader to Fig. 9(a) of Appendix D. Note that the field
strengths (Eη, Eξ ) refer to the aperture coordinate sys-
tem of the diagonal-horn antenna, i.e., they are fixed to
the frame of reference of the diagonal-horn antenna and
have to be distinguished from the components (E‖, E⊥),
which refer to the planar silicon-mirror plane of incidence.
More details are given in Appendix D. Since the simulation
results (Eη, Eξ ) are complex valued, we also obtain the
phase information of the orthogonal field components. For
more details on the frequency dependence of this phase, we
refer the reader to Fig. 9(b) of Appendix D. Together with
the electric field strength we therefore fix for the detec-
tor currents every free parameter in Eqs. (3a) and (3b).
Finally, by substituting the values obtained from the simu-
lation in the η-ξ aperture coordinate system into Eqs. (3a)
and (3b), we need to determine which field component
lies in the E or H plane. For the TE10 mode, the prin-
cipal field direction is along the E plane. Consequently,
|Eη|=̂EE , |Eξ |=̂EH and corresponding substitutions hold
for the phases. A Hilbert transformation of the obtained
Eqs. (3a) and (3b) provides the instantaneous phases φE
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and φH and the correlator C(φE , φH ), Eq. (4). By this pro-
cedure we obtain the orange histograms and data points in
Fig. 5(a). In order to obtain the latter, we sum again over
the positive and negative counts in the model histograms.

An exact match with the experimental data is not
obtained, which is not surprising given the complexity of
the experiment. However, the key features are correctly
described by our model. For frequencies 285–350 GHz,
the trend of the data is correctly predicted and the abso-
lute values of the experiment and the single-mode model
are close to each other. In the frequency range 245–275
GHz, a comparable trend of the model and the exper-
iment is not evident, but the absolute values are again
close to each other. Furthermore, the obtained orange
model histograms compare sufficiently well to the black
experimentally determined histograms.

In particular, we highlight the matching shapes between
the experimentally determined histograms and the model
histograms at 305 and 350 GHz. The histogram at 305
GHz shows predominantly negative values of the cor-
relator C(φE , φH ). This is indicative of a predominantly
linearly polarized electromagnetic field, as explained in
Sec. IV and Sec. V B. Moreover, a distribution of negative
values and a few positive values is obtained for the cor-
relator. This signifies that a small crosspolarization com-
ponent is contained in the electromagnetic field and that
the co- and crosspolarizations are (slightly) phase shifted
with respect to each other. In contrast, a perfectly linearly
polarized electromagnetic field without crosspolarization
content would result in single correlator values of “−1”.
Compared to the histogram at 305 GHz, the histogram
at 350 GHz shows a softened edge around the correla-
tor value “0,” extending into the positive-value domain of
the histogram. This is due to the onset of the multimode
propagation and the incipient polarization rotation, lead-
ing to measured phase jumps in the detector current, as
explained in Sec. V B. The experimental data correspond-
ing to the lowest frequencies are not correctly described
by the model. This is most likely due to the Gaussian
beam profiles of the photomixer that become nonideal at
these frequencies. In addition, we expect an influence from
the vicinity of the propagation cutoff of the diagonal-horn
antenna at about 180 GHz. The error bars quantify a small
but measurable phase drift during the measurement.

B. Higher-order modes

Higher-order modes propagate in the waveguide from
frequencies of approximately 360 GHz upwards. The total
number of propagating modes is counted by the mode
index n(f ) in Fig. 5(a). Our multimode simulations excite
at selected frequencies all possible, i.e., energetically
allowed, higher-order modes and through this we obtain, as
before, sets of electric fields (Eη, Eξ ). We find in this case

that the electric fields in the η and ξ directions are approxi-
mately of equal magnitude; see Fig. 9(c) in Appendix D.
As a result of this, the polarization angle changes from
β ≈ 15◦ (TE10 mode) to β = 45◦; see Fig. 5(c). The sig-
natures for this effect in the experiment are continuous
correlator values between “1” and “−1”, resulting in his-
tograms of the type shown in Fig. 5(a) at 400 GHz. Here,
the histogram is characterized by balanced positive and
negative values, consistent with the prediction of Sec. V B.
Accordingly, the quotient of the sum over the positive and
negative counts in the histogram pos/neg → 1. We fur-
ther find in far-field simulations that the phase difference
between the η and ξ components of the electric fields of
the same mode is negligible [see Fig. 9(d) in Appendix D],
and similarly for the phase differences between the elec-
tric field components of different modes. Based on this,
a simple multimode model can be established in which
the pos/neg ratio directly relates to the polarization angle
β. If pos/neg = 1 then β = 45◦ and, if pos/neg is smaller
or larger than one, the polarization angle equals either
arctan(pos/neg) or arctan(neg/pos). The latter indetermi-
nation of the polarization angle is due to the measurement
procedure in which we rotate the waveguide by 90◦, to
measure the currents I E

dc and I H
dc. Therefore, if pos/neg is

not exactly equal to one, we cannot quantify whether the
polarization direction was slightly larger or smaller than
45◦. The blue data points in Fig. 5(a) show the evalua-
tion taking arctan(pos/neg). The other case is obtained by
mirroring the blue data points with respect to 45◦.

VII. CONCLUSION

To conclude, we have shown that a diagonal-horn
antenna, connected to a full-height rectangular waveg-
uide, emits a linearly polarized electromagnetic field, if
the rectangular waveguide is excited by the TE10 mode. To
confirm the field polarization experimentally, we have used
a method based on only a coherent detector and a planar
silicon mirror, acting as a Fresnel scatterer. This scheme
is compatible with cryogenic experiments. At higher fre-
quencies, we find that a multimode electromagnetic field in
the rectangular waveguide induces a polarization rotation
by about 45◦ of the emitted field from the diagonal-horn
antenna, as confirmed by our simulations. The source of
this polarization rotation is an advantageous mode topol-
ogy in the rectangular waveguide.
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APPENDIX A: MEASURED DETECTOR
RESPONSE ROLL-OFF FOR A MULTIMODE

SUB-THz FIELD

Once the multimode sub-THz field is excited in the
diagonal-horn antenna and is radiated from its aperture into
free space, it consists of two fields, E‖ and E⊥, having
equal magnitudes and polarizations perpendicular to each
other. The resulting polarization direction is the vector sum
of the polarizations of the two fields and is, hence, 45◦
rotated compared to the polarization of the fundamental
TE10 mode. Detecting the superposition of the two fields
E‖ and E⊥ drives positive as well as negative currents in
our coherent detector that ideally exactly cancel each other.
A signature of this effect would be a faster decrease of the
detector current than one would expect due to its intrinsic
roll-off. We measured the latter roll-off by a transmission
measurement between the source and detector only.

(a)

(b)

H plane E plane

FIG. 6. Detected multimode sub-THz field scattering off the
45◦-tilted silicon mirror. (a) Measured detector response roll-
off, expressed by |Idc|, Eq. (2). The black and the red traces
show measurements when the H or E plane of the diagonal-horn
antenna and waveguide are aligned parallel to the planar silicon-
mirror plane of incidence. Note that the fluctuations of |Idc| are
due to the planar silicon-mirror transmission and reflection and
partly also due to standing waves, but are not caused by the noise
of the detector. The dashed line shows the measured Lorentzian
detector response with a roll-off time constant of 500 fs, deter-
mined by a transmission measurement between the source and
detector only. (b) Phase of the detected sub-THz field within
a selected frequency range [dotted lines in (a)]. Because of the
detected multimode field, it shows phase jumps compared to the
more ordered phase as a function of frequency in Fig. 7(b) where
only a single mode is detected. The data in the shown frequency
window in (b) are employed to determine the data point at 450
GHz in Fig. 5(a) of the main text.

In a first step, we have positioned the source and detector
face to face and adjusted the distance between their aper-
tures such that their beam waists lie on top of each other.
As such, we ensure maximum coupling between the source
and detector.

In a second step, we have measured the detector
response as a function of frequency between 150 and 320
GHz. A Lorentzian curve of the form A0/[1 + (2π f τ)2],
with time constant τ = 500 fs and A0 a constant, fits the
envelope of the detector response, τ being equal to the
detector roll-off time. When comparing this intrinsic detec-
tor roll-off with the roll-off induced by the multimode field
in the same detector, shown in Fig. 6(a), we find that the
latter decays faster. This is inline with inducing positive as
well as negative currents that, at least partly, tend to can-
cel each other. This effect leads primarily to phase jumps,
shown in Fig. 6(b), caused by suppressing the total detector
current due to the multimode field.

APPENDIX B: DETECTION ASYMMETRY A OF
PARALLEL AND PERPENDICULAR

POLARIZATION COMPONENTS

An ideal detector couples equally strong to the ‖ and ⊥
components of a received sub-THz field. In this case, one
measures directly and only up to a coupling constant the
Fresnel scattering amplitudes.

We evaluate the frequency dependence of these ampli-
tudes, r‖(f ) and r⊥(f ), using Fresnel theory applied to the
planar silicon mirror. The mirror is characterized by the
refractive index n = 3.416 and a thickness of t = 3.415
mm. For calibration purposes, we measured the ampli-
tude reflection coefficients using the same coherent detec-
tor setup as described in the main text and confirmed
their theoretically evaluated frequency dependence; see
Fig. 7(a). Furthermore, we also find the expected Fabry-
Pérot resonance condition of the planar silicon mirror that
fully transmits the signal into the beam dump (element
labeled “BA” in Fig. 4 of the main text) at frequen-
cies pc0/[2nt cos(απ/180)], with p being an integer and
α = 45◦ the angle of the planar silicon mirror with respect
to the axis of propagation of the input field. For these fre-
quencies, both amplitude reflection coefficients are equal
to zero.

We conducted this experiment and compared it to the-
ory, in order to identify a possible asymmetry in the
coupling to the ‖ and ⊥ components that we need to take
into account in our modeling procedure. We find by this
comparison that our detector couples to the ‖-field com-
ponent slightly stronger than to the ⊥-field component. In
order to compensate for this asymmetry, we need to mul-
tiply a factor A = 0.85 to the experimentally determined
‖ component of the scattering amplitude to match it to the
theoretical prediction.
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(a)

(b)

FIG. 7. Detected single-mode sub-THz field scattering off the
45◦-tilted silicon mirror. (a) Measured Fresnel magnitude of a
detected free-space sub-THz field, being excited by the waveg-
uide TE10 mode and radiated into free space by the diagonal-horn
antenna. (b) Measured instantaneous phase φH ,E , after scattering
off the planar silicon mirror. In (a) the smooth thick lines are
obtained using Fresnel theory and are compared with the exper-
imental data (thin lines). We show the measured phase in (b)
only within a selected frequency range [dashed region in (a)]
for reasons of clarity. With the E plane of the waveguide and
diagonal horn aligned parallel to the planar silicon-mirror plane
of incidence (as shown in Fig. 4 of the main text), the scat-
tering magnitude |r‖| and the phase φE are measured. Aligning
the waveguide and diagonal-horn H plane parallel to the planar
silicon-mirror plane of incidence measures the scattering mag-
nitude |r⊥| and the phase φH . Note that in (a) the experimental
data are rescaled to the magnitude of the theoretical Fresnel mag-
nitudes that our experiment determine up to a constant factor.
Furthermore, we added a factor A = 0.85 to the experimental ‖
component to match the theory, as reasoned in Appendix B.

In a second step we obtained the phases φE and φH after
measuring the detector currents I E

dc and I H
dc. Note the close

to ideal phase shift of π between the black and red traces
in Fig. 7(b) that show the cosine of the respective phases.
This is also predicted by Fresnel theory for the scattering
of parallel and perpendicular polarizations off a dielectric
layer. Deviations from the ideal phase shift condition are
evident in our measurement as well and occur owing to a
number of reasons. First, a finite amount of crosspolariza-
tion in the detected beam, second, a relative phase shift
(though being tiny) between co- and crosspolarizations,
and, third, the finite thickness t = 3.415 mm of the planar
silicon mirror that changes the relative phase shift between
the reflected parallel and perpendicular components of the
sub-THz wave, �ϕ‖−⊥, in Eqs. (3a) and (3b) of the main
text.

APPENDIX C: NEAR- AND FAR-FIELD
SIMULATIONS—PART I

This section provides selected results of our electro-
magnetic field simulations, modeling the diagonal-horn
antenna output field. Figure 8 shows the far-field simula-
tions of the diagonal-horn antenna, evaluating the radiated
field by the antenna. The subfigures show by means of
the field strengths in the co- and crosspolarization com-
ponents (far field) the mechanism of the nonmechanical
polarization rotation, induced by the mode topology in the
rectangular waveguide and in the diagonal-horn antenna.
The subfigures focus only on the first three modes, in
our scheme, the minimum number of modes necessary to
induce the polarization rotation.

APPENDIX D: NEAR- AND FAR-FIELD
SIMULATIONS—PART II

This section quantifies the co- and crosspolarization
content in the calculated far-field radiation patterns. The
final results are summarized in Fig. 9 and show the fun-
damental mechanism behind the polarization rotation we
study in this paper. The data points in Figs. 9(a) and 9(c)
are obtained by integration of far-field patterns like those
shown in Fig. 8. This yields the co- and crosspolariza-
tion content, Acpol and Acrpol, of the electric component
in the electromagnetic field, radiated by the diagonal-horn
antenna into free space. The data points in Figs. 9(b)
and 9(d) are obtained by φ, θ integration in the Ludwig-
3 coordinate system [34] of the calculated phase front of
the far field.

Because the aforementioned calculation is important for
predicting the polarization dynamics as a function of fre-
quency, the remaining text provides an explanation of the
employed formalism.

The field amplitudes in the polarization components are
quantified by the integral of the respective absolute value
of the sub-THz electric field over the polar coordinates
θ and φ in the Ludwig-3 coordinate system [34,35]; see
Fig. 8. We express this formally as

Acpol =
∫

S
|Eη|dθdφ, (D1a)

Acrpol =
∫

S
|Eξ |dθdφ, (D1b)

where Eη and Eξ are the electric far fields, related to the
ξ -η aperture coordinate system of the diagonal horn; see
Fig. 1(c), iv of Fig. 3(e), and Figs. 5(b) and 5(c) of the
main text. This coordinate system is introduced in order
to avoid confusion with the ‖ and ⊥ components of the
sub-THz field that are fixed spacewise (and with respect
to the silicon-mirror plane of incidence), while the ξ -η
aperture coordinate system is fixed to the frame of the
diagonal-horn aperture. For the fundamental TE10 mode,

024049-13



MARC WESTIG et al. PHYS. REV. APPLIED 16, 024049 (2021)

(a)

(b)

(c) (e)

(f)(d)

FIG. 8. Electromagnetic far-field simulations of the diagonal-horn antenna at a reference distance of 1 m from the aperture, per-
formed with the CST software [27]. The images show the absolute value of the electric component of the far-field radiation pattern in
the Ludwig-3 coordinate system [34]. The first three propagating modes emitted by the diagonal-horn antenna are shown at reasonably
selected frequencies. The white dashed line indicates a cut through the map, shown on top of each figure. Panels (a), (c), and (e) show
the copolarization component |Eη| and panels (b), (d), and (f) show the crosspolarization component |Eξ |; see the definition of the
η-ξ aperture coordinate system in Fig. 1(c) of the main text. The far-field intensities of the co- and crosspolarization components for
the TE10 mode are approximately interchanged for the TE01 mode, and the total absolute electric field in the co- and crosspolarization
components for the TE20 mode is approximately the same. This indicates that, for the superposition of the three shown propagating
modes, the polarization is rotated by 45◦ around the wavevector kz .

Eη is largest and points in the direction of the major
polarization direction (copolarization), whereas Eξ con-
tributes to the much smaller crosspolarization. By rotating
the diagonal-horn antenna one aligns either Eη or Eξ with
E‖ or E⊥.

The integration area spanned by the polar coordinates is
S on which the far fields in Fig. 9 are represented. The co-
and crosspolarization content in the emitted sub-THz field
is then determined by evaluating the expressions

Ecpol = Acpol

Acpol + Acrpol
, (D2a)

Ecrpol = Acrpol

Acpol + Acrpol
, (D2b)

which are proportional to the field amplitudes in the E and
H planes; see iv of Fig. 3(e) of the main text. The right-
hand side of the equations are represented in Figs. 9(a)
and 9(c) for the different modes. Equations (D1a), (D1b),

(D2a), and (D2b) hold for a multimode field and quan-
tify the ratio of Eη and Eξ in the electromagnetic
field.

Higher-order propagating modes in the waveguide cre-
ate a multimode (in our case up to five) electromagnetic
field. Interestingly, we have discovered that this field has
almost equal field strength in the components Eη and Eξ

and that these components are practically in-phase [see
Fig. 9(d)] when radiated from the diagonal-horn antenna
into free space. Furthermore, our multimode simulations
reveal that the phase delay between the aforementioned
electric fields in different modes is practically negligible as
well. This means that the different modes are emitted by the
diagonal-horn antenna in a coherent fashion and are prac-
tically not time delayed with respect to each other. This
is key for an effective polarization rotation of 45◦ to hap-
pen and for generating a coherent electric field that is then
radiated from the near to the far field by the diagonal-horn
antenna.
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FIG. 9. Crosspolarization amplitude content Ecrpol (a) and
the phase difference between the co- and crosspolarization
(〈ϕcpol〉φ,θ − 〈ϕcrpol〉φ,θ ) components (b) for the TE10 mode. (c)
Cross- and copolarization amplitude content (Ecrpol and Ecpol)
for the TE10 mode and higher-order modes for selected frequen-
cies (black =̂ TE10, red =̂ TE20, blue =̂ TE01, orange =̂ TE11,
and green =̂ TM11). (d) Phase difference between the co- and
crosspolarization components for the modes in (c), showing that
the radiated polarization components in each mode are hardly
phase shifted with respect to each other. The figure shows results
only at selected frequencies, because of the numerically time
consuming simulations. When the first three modes (black, red,
and blue) propagate for frequencies larger than 400 GHz, a nearly
balanced amount of co- and crosspolarization amplitude com-
ponents are indicative of a polarization rotation by 45◦. The
other two higher-order modes, orange and green, contribute with
equal parts to the co- and crosspolarizations and, hence, further
stabilize the polarization rotation by 45◦.

APPENDIX E: IMPRINTING NONCLASSICAL
STATES

The presented results are of interest for single-photon
detection using nonclassical states of light, as discussed in
the review by Ware et al. [36], which is of a very general
nature and not directly tied to a specific frequency. The
core idea presented in Ware et al. [36] can be understood
by means of Fig. 10(a). Here, the central goal is to obtain
the efficiency η1 of the detector. It quantifies how efficient
incoming single photons are recorded by the detector and,
on the other hand, how many single photons are lost if

(a)

(b)

FIG. 10. Analogy between photon-pair production during
parametric down-conversion in a nonlinear crystal (a) and due
to charge-light coupling in a mesoscopic superconducting two-
photon device (b) as realized in Refs. [15,16,18,19] (green, red,
and blue parts of the figure). In (b), the red and blue pho-
tons excite the waveguide (for instance, through chip-waveguide
coupling [37]) and are radiated in the same or in different polar-
ization states, dependent on their frequencies, into the detector
and trigger apertures after scattering off a frequency-selective
beamsplitter. The ADCs count coincidences Ncoinc between the
detector and trigger and photon counts N2 of the trigger alone.
For detector characterization, the thermal photon population of
the environment, 〈F†F〉, has to be considered.

the detector has not yet reached its fundamentally possible
sensitivity.

A straightforward way is to make use of a non-
linear crystal, providing spontaneous parametric down-
conversion (SPDC). As a nonlinear element one uses
specific crystals that show a nonlinear polarization field
response (“polarization” in this context means the polariza-
tion component of the electric displacement field and not
the direction of the electric field studied in our paper) when
strongly pumped by a laser. In order to exploit this effect,
it is strongly pumped by a laser of frequency fp (green
wave), and due to the nonlinear interaction, two photons
(red and blue waves) of different frequencies, named sig-
nal (s) and idler (i), are generated such that the energy and
the momentum are conserved:

2fp = fs + fi, (E1a)

kp = ks + ki. (E1b)

The signal and idler photons are generated at the same
time, they are entangled, and their power correlation shows
strong two-mode amplitude squeezing below the classical
limit, hence the name nonclassical state. Additionally, the
outgoing wave polarization is ordinary or extraordinary
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with respect to the crystal axis. One key feature of this
nonclassicality is that the detection of one photon out of
a pair heralds the presence of the second one. A second
detector acting as a trigger is used to record photon counts
in coincidence with the detector, Ncoinc, via two analog-
to-digital converters (ADCs). Additionally, the ADCs also
measure the photon counts N2 of the trigger alone. Because
signal and idler photons are generated at the same time, the
remarkable advantage of this characterization technique is
that the detector efficiency then simply reads [36]

η1 = Ncoinc

N2
, (E2)

and is independent of the efficiency of the trigger.
However, SPDC using a nonlinear crystal is usually an

inefficient process and a laser setup is needed. Moreover,
due to the momentum conservation, Eq. (E1b), the detector
and trigger apertures have to be aligned correctly to receive
all of the power in order to conduct a proper measurement.
Also, condition (E1b) is frequency dependent such that
the emission direction changes when the frequencies are
adjusted. Additionally, the outgoing polarized fields usu-
ally do not have well-defined Gaussian beam properties
since the crystal influences the beam shape of the signal
and idler fields.

A solution to these difficulties is provided by the two-
mode nonclassical source demonstrated by Westig et al.
[15]. It can be coupled by chip-waveguide coupling [37] to
the waveguide in the setup proposed in Fig. 10(b). Since
the diagonal-horn antenna at the output of the multimode
waveguide provides constant Gaussian beam properties
over a large frequency bandwidth, the detector and trig-
ger can be kept at constant position. Furthermore, in the
example the two-mode nonclassical source is based on
the dynamical Coulomb blockade of a battery-powered
Josephson junction coupled to a tailored electromagnetic
environment and therefore complex laser setups are not
needed.

Together with the progress reported in this paper on
the polarization changes of the diagonal-horn antenna as
a function of the frequency, a polarization-sensitive detec-
tor can be characterized using the method of Ware et al.
[36]. Specifically, in our proposal a detector and a trig-
ger would be employed that are only sensitive to linearly
polarized electromagnetic fields that is an often encoun-
tered technological situation. The task would be to measure
the efficiency of such a detector, only sensitive to a lin-
ear polarization. The emitted field of the diagonal-horn
antenna, excited by the multimode waveguide, provides
two options for such a measurement. First, when the signal
(red) and the idler (blue) have frequencies such that only
the TE10 mode is excited, the detector and trigger have
to be aligned in such a way to receive the same polariza-
tion direction. When the signal frequency remains in the

TE10 mode but the idler frequency excites higher-order
modes, the trigger has to be rotated by 45◦ with respect
to the detector; see Figs. 5(b) and 5(c). The separation of
the different frequencies is achieved by a frequency selec-
tive beamsplitter. At the open port of the beamsplitter a
thermal photon population is important to quantify, when
only a single detector setup would be used for character-
ization of the detector efficiency. For a correlation setup
measuring coincidences like those proposed in Fig. 10(b),
the thermal photon population does not influence the mea-
surement outcome since it is not correlated at two different
frequencies.
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