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Demonstration of Ultrasensitive KIDs for Future THz
Space Borne Polarimeters

Stephen J. C. Yates , Alejandro Pascual Laguna , Willem Jellema , Edgar Castillo-Dominguez ,
Lorenza Ferrari , Bram Lap, Vignesh Murugesan, Jose R. G. Silva , David Thoen , Ian Veenendaal ,

and Jochem J. A. Baselmans

Abstract—We present measurements and simulations of the po-
larization purity of leaky lens-antenna coupled microwave kinetic
inductance detectors (KIDs) at 1.5 THz. From polarized phase
and amplitude beam pattern measurements we find the integrated
cross-polarization ratio to be at –21.5 dB for 1 f#λ spatial sam-
pling. The measurements agree well with the theoretical description
which is based on a combination of in-transmission simulation of
the antenna feed, and an in-reception analysis of the antenna-KID
system. A neutral density filter limited the power per detector to
around 500 fW, enabling these measurements to be taken on detec-
tors that in a low background have a measured noise equivalent
power of 5–7×10−20 W/

√
Hz. These combined measurements

show that these detectors are excellent candidates for large scale
and high-performance imaging polarimetric instruments.

Index Terms—Complex field mapping, Gaussian beam analysis,
kinetic inductance detector (KID), near to far-field transformation,
optical characterization, polarization.
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I. INTRODUCTION

POLARIZATION sensitive measurements of interstellar
dust in the far-infrared (FIR) have the potential for a large

impact on astrophysics [1]. Moreover, with increasingly more
capable instrumentation and maturing detector technology [2],
a leap in polarization mapping capability can become a re-
ality. This science case is also one of the key themes of the
proposed satellite “The PRobe for-Infrared Mission for Astro-
physics” (PRIMA) [3]. The proposed instrument “PRIMAger
Polarimetric Imager” (PPI) [1], [4] plans to directly measure
the polarization Stokes parameters in four subbands in a 80–
264 μm wavelength range. The PPI will use a simple approach
relying on single-polarization sensitive detectors orientated at
three angles [5], without using a polarization modulating device,
such as a rotating half-wave plate (e.g., see [6]). This concept
was recently modeled in [5], showing that the astronomical
target science could be reached with a modest full system
cross-polarization ratio of ∼ −20 dB. The detectors for PPI are
lens-antenna coupled [7] microwave kinetic inductance detec-
tors (KIDs) [8]. These devices have shown a noise equivalent
power (NEP) as low asNEP = 3.1× 10−20 W/

√
Hz and a high

coupling efficiency at 1.5 THz [7]. For PPI where the absorbed
power in the detector of Pabs ∼35 aW, these detectors reach
photon noise limited sensitivity with the device’s sensitivity
limited only by fluctuations in the photon arrival rate.

In this article, we measure the polarization properties of these
detectors mounted in a wide-field camera at 1.5 THz using
a polarization sensitive near-field phase and amplitude beam
pattern technique. We find an integrated cross-polarization ratio
of −21.5 dB, which demonstrates, together with the sensitivity
and coupling efficiency results presented in [3] and [7], the
viability of the PPI concept with lens-antenna coupled KIDs,
as simulated in [5].

II. EXPERIMENTAL SETUP UNDER TEST

A. Ultrasensitive KIDs

In the experiment we use a small array of 14 lens-antenna
coupled KIDs fabricated on a 20×20 mm chip. The design and
assembly is almost identical to the device presented in [7]. The
only difference is that we use a 40 nm thick, aluminum (Al)
film with a sheet resistance Rs = 0.37Ω/� instead of a higher
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Fig. 1. Panel (a) shows an illustration of an KID detector from the array under test. Panel (b) depicts a cross-sectional view of the lens-antenna assembly. Panel
(c) contains the simulated lens-antenna far-field beam patterns. A cold pupil make the optics truncate at 7.1◦ (focal ratio f/4), which gives an edge taper of –10 dB
in the co-polarized component and –27 dB in the cross-polarized direction. The cross-polarization has the usual four-leaf clover shape, with maxima along the
diagonal (D) planes. Panel (d) shows the polarization purity and lens aperture efficiency dependency with the slot tapering angle γslot. The polarization purity is
shown with the maximum cross-polarization ratio of both the far-fields radiated by the antenna into the Si lens and of the far-fields radiated by the lens-antenna.

resistance 16 nm film.1 A single pixel in the device under test
is depicted in Fig. 1(a), (b). Each KID is a superconducting
microwave quarter wavelength resonator [8], consisting of a
short radiation sensitive Al coplanar waveguide (CPW) trans-
mission line fabricated on a 100 nm thick silicon nitride (SiN)
membrane, and a niobium–titanium nitride interdigitated capac-
itor fabricated on a silicon (Si) wafer. We use an ultrawideband
leaky-wave antenna [9], also fabricated on the SiN membrane,
to couple the radiation to the Al CPW. The leaky-wave antenna
is placed in the focus of an Si lens, which is glued to the
chip metalization side by means of small pillars of PermiNex,
allowing for a precise vacuum gap antenna and the lens surface.
The Si lens has an extended hemispherical shape synthesizing
an ellipse [10], [11], with radius of curvature R = 900μm and
a clear aperture with a diameter D =1550μm. This lens is part
of a 10×10 mm lens array machined using laser ablation which
is antireflection coated with 30μm of Parylene-C. Part of the
extension length (L = 279 μm) is created using a 250 μm thick
spacer wafer which also has a stray-light absorbing mesh of
β-phase tantalum (β-Ta) [12] located on the surface facing the
lens array itself.

The sensitivity of the KIDs on the array discussed here was
measured in the same setup using the same methodology, as
presented in [7]. We found a minimum NEP at negligible loading
power of 5–7×10−20 W/

√
Hz at 200 Hz. The device is photon

noise limited at absorbed powers Pabs � 35 aW to below 1 Hz.
A representative spectrum of the measured NEP at 45 aW
absorbed power can be found in [3].

B. Radiation Coupling

The leaky-wave antenna [9] provides a broadband impedance
match and an efficient use of the lens aperture [13]. In particular,
the antenna consists of an electrically long (Lslot = 200μm)
self-complementary (γslot = 90◦) tapered slot etched in the Al

1Note that this is a DC measurement but at 1.5 THz the sheet impedance is
complex with a value of 0.387 + 0.157 j Ω/� for this 40 nm thick Al sheet (Tc
of 1.31 K), using the Mattis Bardeen complex conductivity.

ground plane [see the inset of Fig. 1(a)] and separated from
the extended hemispherical Si lens (L/R = 0.31) by an electri-
cally thin airgap (tgap = 4μm). From the antenna the lens clear
aperture has a half-opening angle of ϑ0 =46.3◦. The antenna
far-fields have been calculated employing in-transmission simu-
lations using CST [14] of the leaky-wave antenna embedded in a
semi-infinite stratification and fed at its center with a waveguide
port exciting the central conductor of the CPW. This simulation
gives an input impedance of 148.8+37.3 jΩ. The CPW is treated
separately because, due to its lossy nature, the radiation prob-
lem would not be accurately modeled with the in-transmission
analysis employed here. As we will see, the CPW reradiation
is very small, allowing us to decouple the CPW and antenna
problems. The calculated antenna far-fields are subsequently
fed to a geometrical optics/Fourier optics tool [15] to calculate
the lens-antenna far-field beam pattern shown in Fig. 1(c). The
maximum cross-polarization level is in the diagonal plane (D-
plane) at −26 dB with respect to the co-polarized component
(defined according to Ludwig-3 conventions [16]). The slot
tapering angle γslot has been shown to affect the polarization
purity [13], [17]. We use γslot = 90◦, as can be seen in Fig. 1(d),
this creates the best comprise between aperture efficiency and
cross-polarization level. The resulting lens aperture efficiency at
1.5 THz is 71.7%, including a 89.0% taper efficiency, a 97.7% di-
electric reflection efficiency, 89.8% spill-over efficiency, 99.3%
front-to-back ratio, and 92.5% efficiency due to conductive
losses in the Al ground plane.

The THz radiation collected by the lens-antenna needs to
be absorbed in the central conductor of the narrow Al CPW
to be sensed by the KID. The total CPW width is 4.4μm,
with 1.7μm slots and 1.0μm central conductor. The differential
mode characteristic impedance of this CPW is 152.0–6.9 jΩ as
simulated with a waveguide port in CST. This ensures –20 dB
impedance match with the antenna input impedance at 1.5 THz.
With this CPW, the majority of the power collected by the
lens-antenna is absorbed in the central conductor (72.7%), while
only 1.1% is reradiated, or dissipated in the supporting SiN
membrane (1.3%) or the Al ground planes (24.9%). Overall, the
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Fig. 2. Overview of experimental setup. (a) Cross-section of KID thermal mechanical suspension, showing the array mounted inside a light tight box with the
NDF mounted in front of it. To minimize phase noise from (1), care has been taken to keep the system symmetric from lasers to THz detection. (b) Phase and
amplitude photomixer measurement setup. (c) Optics of camera cryostat from [18], showing cold and warm focal plane positions.

plane-wave coupling efficiency of a pixel is 51.6%, which results
from the product of the 71.7% lens aperture efficiency, 99.0%
the antenna-CPW impedance match, and the 78.1% central
conductor absorption efficiency. These values are slightly worse
than in [7] due to the thicker Al film but with the advantage of
a higher dynamic range of the detector [3].

C. Low-Background Wide-Field Camera

The array was mounted in the wide-field camera cryostat
described in [18] and shown in Fig. 2(c). For the presented
measurements the quasioptical filter stack was adapted to de-
fine a 120 GHz band pass around 1.5 THz using filters from
QMC instruments [19]. The camera is made of two back to
back aberration compensated [20] reflective relays optimized
from off-axis parabolic surfaces to biconics giving a wide-field
of view (FoV) with low aberrations, a low field curvature, a
distortion < 5%, a beam pointing (telecentricity) < 0.8◦ across
the used field and a magnification of ×3 from cold to a warm
focal plane (WFP). The f/D ratio (f#) of the optics is set by the
pupil stop size to f/4 at the array for this measurement, so f/12
in the WFP which corresponds to a half-opening angle of 2.4◦.
Previous measurements suggest that ∼ 10% phase error losses
(Ruze [21]) are to be expected at 1.5 THz [22] due to machining
tolerances. For the array interpixel separation of 1.55 mm, this
f# gives an expected spatial sampling across the FoV of 1.93 f#λ

at 200μm wavelength. This is larger than the planned 1 f#λ for
the PPI instrument. For this work the lower f# allows gives an
advantage as a larger fraction of the lens-antenna beam pattern

passes through the optics allowing better diagnostics of the
lens-antenna itself.

Under the current configuration a base temperature of 243 mK
was achieved using a “He10” (dual 3He stages with a single
4He buffer stage) cooler [23]. This temperature corresponds to
a total optical load below 1 μ W. The nominal loading per pixel
to 300 K for this filter stack would be of order 40 pW. This
loading is far too high to allow operation of the PPI KIDs, which
are designed for operation in a 20 aW–100 fW loading power
range. To solve this, a neutral density filter (NDF) with 19 dB of
optical attenuation was used to reduce the optical power per pixel
to around 500 fW. The NDF used was a spare from the Herschel
HIFI development [24] and is mainly reflective, but also has a
high emissivity/absorptivity of ∼ 20 % so it needs to be colder
than 4 K to not add in-band loading. The filter was mounted
after the bandpass filter at the 240 mK stage, just in front of the
array at an angle of 45◦ inside a tube blackend [25], [26] with
EPOTEK 920 loaded with 3% carbon black powder and 1 mm
SiC grains. This results in all reflected power to be terminated
in a cold absorbing load. With this NDF the optical power at the
KIDs is kept within their operational dynamic range, the high
optical load suppressing the KID resonance dip depth (∼ 2 dB)
but with no deterioration in the noise performance. The NDF
diameter (∼ 24 mm) here is sufficient for the small array here
tested.

The array is read out with a multiplexed readout [27] at
635 frames/s, where each frame is an acquisition of all KIDs
and calibration (blind) tones. The raw readout signal per KID is
given a first order linearization by a conversion to an effective
KID resonant frequency shift, as described in [28].
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III. COMPLEX BEAM PATTERN MEASUREMENTS

A. Principle of Operation

The (single-moded) detector optical response is described
by the complex beam pattern, the phase and amplitude po-
sition dependent response of the system under test [29]. The
phase information allows beam propagation [30], [31], and the
(holographic) reconstruction of the beam at any intermediate
surface or interface. KIDs are incoherent power detectors, so
we measure the phase response quasioptically via the coherent
optical interference between two phase-locked monochromatic
continuous-wave THz sources [32]. The beam pattern is taken
by scanning one of the sources in a measurement plane while
keeping the other static for phase referencing.

We use two phase-modulated photomixers as THz sources in a
setup similar to [32]. Photomixer sources operate by mixing two
driving infrared (or optical) lasers, with the frequency difference
between the two lasers being re-emitted in the THz range. The
two photomixers generate an interference fringe given in ampli-
tude by Edet = |E1| sin(ωt+ φ1) + |E2| sin(ωt+ φ2), where
E1 andE2 are the electric fields at detection of the source beams
convolved with the optics and φ the phases. Expressed in power
this has the form Pdet ∼ |E1|2 + |E2|2 + 2|E1||E2| sin(φ1 −
φ2). By scanning the position of one source we measure the
complex beam pattern of the system under test, where the second
source acts only to set the gain and phase reference. A phase
ramp is applied to both mixers in antiphase (180◦ shifted).
This modulates the interference through two full fringes, shown
in Fig. 3(a) and (b), enabling the phase and amplitude to be
extracted from the each set of fringes (ramp) versus time [see
Fig. 3(c) and (d)]. The phase ramp, clocked with the readout, is
run at 15.9 Hz so each ramp is 40 data acquisitions points which
allows simple tracking of the timing over the entire beammap of
7 h.

By using a phase modulation scheme, the two THz sources
are quasihomodyne as they use the same driving lasers with
the consequence of canceling out the majority of phase noise
from the lasers. However, some residual phase noise from the
sources will remain present in the final deployed system due to
asymmetry of the optical path difference (OPD) of the entire
setup including THz path and infra-red fiber optics between the
two sources. The total measured THz phase difference between
the sources from laser frequency and OPD variations (Δφ) and
hence standard deviation (σφ) can be estimated from standard
error propagation as follows:

Δφ = 2πOPDfTHz/c

σφ ∼ 2π

√
(OPD

√
2σf/c)2 + (σOPDfTHz/c)2 (1)

with σf from the two (hence the factor
√
2) lasers’ frequency

noise, which is dependent on laser choice; σOPD the OPD differ-
ence stability; and fTHz the the THz frequency (here 1.5 THz).
Clearly, measuring the optical phase at high frequencies requires
good symmetry of fiber optical and THz paths, and also high
stability of lasers and the full setup.

Fig. 3. Overview of data signal processing for one KID. (a) Time-stream
(in data acquisition points) of the phase ramp applied between the two optical
sources. (b) Example KID response (in normalized frequency units) showing the
interference fringes due to the 4π phase ramp applied to modulate the optical
sources, which is reset between dotted lines; The signal is demodulated to give
the amplitude and phase using FFT from the monotonic part of each individual
phase ramp. (c) Amplitude of the reference pixel after demodulation versus
time during the beam map scan (show ∼ 2.5 h). Red dots are at the reference
position and are used to remove setup drifts and estimate setup noise level.
(d) Phase shown only at the reference position versus time, showing long term
drift which is fit and removed from signal using the red line.

B. Implementation

The setup differs from [32] (used up to 900 GHz) in order
to have more power and better source beam control. The extra
power comes from using 1.55 μm near infrared laser driven high
power optimized THz sources ([33]), a factor of×100more THz
power is expected. This power is required because, although
the photomixers use a wideband bow-tie antenna [33], the THz
generation efficiency decreases at higher frequencies following
a power law [34] of ∼ f−2. We use wideband Fabry–Perot
tuned lasers (Pure Photonics [35] PPCL-550), chosen for ease of
use, large power tunability (6–13.5 dBm) and wide bandwidth
(4.75 THz). This bandwidth allows the same setup to be used
from mm-wave up to ∼4 THz, dependent on signal-to-noise
and hence optical power coupling. The laser noise at very low
frequency is not given, but over 24 h the stability is rated at better
than ±125 MHz so we can take this as an estimate of the 3σ
level and a worst case of σf ∼ 42 MHz. Therefore from (1), to
achieve a reasonable measurement phase noise of σφ = 0.1 rad
would correspond to an effective THz OPD ∼ 8 cm with these
lasers, which is easily achievable. In contrast, the effective THz
OPD stability for the 0.1 rad condition corresponds to 3 μm,
which is more challenging particularly for thermal stability of
the fiber optics. As both these cases can be considered as slow
long term drifts, an implemented mitigation strategy is to take
regularly a reference position measurement to track and enable
drift correction [see Fig. 3(c) and (d)].
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Another issue with photomixers is that the beam pattern can be
poor and not stable with frequency [36]. As the scanned source
beam pattern is convolved with the final measurement, it is
critical that this is well controlled. To solve this, a point-to-point
(P2P) reimager was integrated with the source [37]. This has
beam defining apertures placed on an intermediate mirror (a
far-field aperture) and intermediate focus (a near-field aperture)
to fully define and spatially filter the beam giving a symmetric
single mode beam pattern with high Gaussicity [37]. This reflec-
tive system can be adapted to different bands by changing the
near-field aperture: the mirror tilts and photomixer position are
adjustable to allow alignment to correct for beam tilt from the
lens-antenna of the photomixer; and has an integrated polarizer
on the output. The photomixers are linearly polarized while
the polarizer in the P2P will further suppress the source cross-
polarization to a value below –30 dB [19]. The P2P is mountable
in two orthogonal positions, and hence polarizations, allowing
alignment to better than 0.1◦, which was cross-checked in the
following measurements with mounted alignment mirrors and a
theodolite. The final beam can be described [33], [37] as close
to a Gaussian beam [38] with the 1/e2 power half-beamwidth
angle of ∼ 12◦, which is much wider than the magnified beam
in the warm focal plane (∼ 2.4◦) and so the source beam is not
corrected for here. For a consistency check of the beam quality
and alignment a measurement was repeated with the scanned
source rotated 180◦ and showed no effect on the final results.

A schematic of the setup is shown in Fig. 2. The P2P was
mounted on a xyz scanner and the cleaned re-imaged source was
scanned near the camera cryostat warm focal plane. A second
photomixer THz source was used without a P2P, mounted as a
fixed “local oscillator” that was coupled via a 12.7 μm mylar
beamsplitter with a collimating parabolic mirror to couple to all
pixels and enable all beam maps to be measured simultaneously.
The scanned source was used in transmission with respect to
the beamsplitter, so the beamsplitter was chosen to have good
polarization balance (80%) and high transmission efficiency
(77%–95%), see Appendix A.

The final beam maps were obtained using a step-and-integrate
method, with approximately 0.7 s of data taken at each position.
In addition, a setup standing waves correction was applied by
combining data from two λ/4 z-positions and averaging, with
the phase difference corrected as in [39].

C. Polarized Beam Pattern Reconstruction

The source was mounted such that the co-polarization was
aligned near the polarization axis outside the cryostat (approx-
imately 30◦ to the vertical) and in a second measurement it
was aligned near the cross-polarization axis, referred to as
“vertical” and “horizontal,” respectively. In Fig. 4 we show the
measured beam pattern, propagated to the warm focus (waist)
position [30], [39]. We see a signal-to-noise better than 55 dB
in the raw data while the peak vertical polarization component
is ∼ 19 dB above the horizontal component.

The propagated horizontal and vertical polarization
beammaps were combined, position offsets removed and
then rotated numerically to minimize the maximum of the

Fig. 4. Amplitude of measured beam maps for KID 5 propagated 9 cm to waist
position (best focus). Top: the measured vertical and horizontal polarized field
components without system corrections. The lower figures zoom on the found co
and cross-polarization beam patterns, corrected for system magnification (×3)
and image rotation (62◦) of optics. We also corrected for the polarization effects
of the ND filter and beam splitter, which changes the measured cross polarization
level by +4 dB, see Appendix A). The black circle shows the 3 dB contour of
the co-polarization.

cross-polarization, as described in [39]. The minimization
showed that a ∼−5◦ rotation (clockwise looking at cryostat) was
necessary, while source amplitude and beam tilts were assumed
to be the same between measurements. After minimization,
cross-polarization data was corrected by +4 dB for beamsplitter
and NDF polarized transmission efficiency, as described
in Appendix A. The data were also corrected for system
optics field rotation (62◦) and magnification (×3). As an
example, KID 5 is shown in best focus (near-field) in Fig. 4,
zoomed in on the main beam and normalized to the maximum
co-polarization.

IV. BEAM ANALYSIS

The co-polar beam quality of the whole system is high with
a high Gaussicity of 85±1%, as derived from a (nonastigmatic)
Gaussian beam [38] fit [39] over the full measured range. The
far-field pattern can be calculated from the measurement with
a complex Fourier transform (the plane wave spectrum [30],
[31], [39]) and is shown in Fig. 5 with the expected system
pupil, where the phase has the best fit spherical curvature re-
moved [39]. To calculate the performance for PPI we integrate
the measured far-field (see Fig. 5) over an effective pupil given
by a half-angle 3.7◦ (f/7.75), which for the array pixel pitch of
1.55 mm matches the spatial sampling planed for PPI of 1 f#λ.
The result of this analysis is presented in Fig. 6. The position
dependence and histogram of the cross-polarization shows a
mean of –21.5 dB, with a small spread, and a maximum value
of –20 dB. There is a slight position dependence, perhaps due
to optical components, finite size of NDF, misalignment of the

Authorized licensed use limited to: TU Delft Library. Downloaded on August 12,2026 at 11:01:30 UTC from IEEE Xplore.  Restrictions apply. 



YATES et al.: DEMONSTRATION OF ULTRASENSITIVE KIDS FOR FUTURE THz SPACE BORNE POLARIMETERS 563

Fig. 5. KID 5 amplitude and phase far-field beam pattern measurement in
co- and cross-polarization directions, with corrections applied for system mag-
nification (×3), rotation (62◦) and cross-polarization correction (+4 dB, see
Appendix A). Phase is flattened to remove offsets in x, y, and z as in [39]. Dotted
circle gives the pupil size (f/4) of cryostat. The solid circle (f/7.75) would
match the spatial sampling 1 f#λ of PPI and is used for the beam integration.

Fig. 6. Position dependence (system magnification and rotation removed) and
histogram of integral of the cross-polarization intensity, corrected for NDF and
beamsplitter. Arrows show the co-polarization vector direction and the numbers
the KID identification numbering. The beam integrated is over inner circle in
Fig. 5, corresponding to a spatial sampling of 1 f#λ as planned for PPI.

lens-antenna, or an artifact of the analysis or measurement setup
and will be the subject of future work.

V. COMPARISON TO SIMULATION

To compare the beam pattern in co- and cross-polarization in
the measurement plane to the calculated values, we propagated
the simulated in-transmission (Tx) lens-antenna pattern from
Section II-B through the camera optics with GRASP [40].
A comparison of the far-field of the measurement and in-
transmission (Tx) simulation is shown along the D-plane (di-
agonal) in Fig. 7 by the solid and dashed lines respectively.
The co-polarized component (in blue) shows good agreement
between Tx simulations and measurements, while the measured
cross-polarized component (in red) is larger than the Tx sim-
ulations. The discrepancy with the simulations is due to the

Fig. 7. Comparison of co- and cross-polarized beam patterns measured (solid
lines), simulated in transmission including the camera optics (Tx, dotted lines),
and simulated in reception (Rx, dots) of the lens-antenna system only. Data are
shown along the D-plane in the far-field, with the system magnification and
rotation removed.

CPW radiation being treated as a loss, and therefore is not
included in the radiated fields of the lens-antenna. The CPW
radiation can only be correctly accounted for by simulating
the amplitude-only lens-antenna beam pattern in reception [41],
preventing propagation of the fields through the camera optics.
Instead of the lengthy full lens-antenna simulations of [41],
we here proceeded as in [42] by first obtaining the lens focal
fields with the Fourier Optics formalism of [43], [44] and then
propagating these fields with a small CST [14] simulation of
the CPW-fed antenna embedded in a semi-infinite stratification.
Only the power dissipated in the central conductor of the Al CPW
is sensed by the KID, and thus used to calculate the in-reception
power pattern. Using this strategy, the lens-antenna was sim-
ulated in-reception for several plane wave incident angles, the
results are shown as the dots in Fig. 7. A direct comparison of the
far-field beam patterns of the lens-antenna with those measured
is valid since, to first order, the camera optics only spatially filters
the lens-antenna far-field patterns at the pupil stop angle. The
alternative of a full in-reception calculation including the camera
optics is computationally impractical. We observe a good overall
agreement between the in-reception simulation and measured
data, showing that residual cross-polarization radiation coupling
is directly related to the CPW itself and not a property of the
antenna. The CPW radiation can be minimized by reducing
the CPW width [45], [46], which will be needed for the higher
frequency bands of PPI. Despite the measured cross-polarization
ratio being worse than as simulated in transmission, the integral
still meets the requirements of � −20 dB for PPI in a full
complex end-to-end system.2

2The integral of the entire measured beam, that is without the spatial filter
of an effective pupil to compare to PRIMA (as shown in Figs. 5 and 6), give a
(NDF and beamsplitter corrected) cross-polarization ratio of –17 dB which is
much less than Tx simulations in GRASP of –28 dB. This measured ratio was
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VI. CONCLUSION

We present a full end to end phase and amplitude beam pattern
characterization of a polarization-sensitive lens-antenna KID
at 1.5 THz, in a realistic full wide-field camera. The results
show a good optical main beam quality with a high Gaussicity
of 85±1%. The cross-polarization, integrated over the repre-
sentative beam angles for “PRIMAger Polarization Imager,”
is found to be –21.5±0.9 dB. This is similar to the primary
assumption underlying the simulation results reported in [5].
The cross-polarization level is limited by the radiation from the
CPW, which can be reduced by reducing CPW linewidths [45],
[46]. This work therefore provides underpinning evidence that
lens-antenna coupled KIDs, combined with a similar quasiop-
tical wide-field optical system, can be effectively used for this
polarimetric application without the need for a polarization mod-
ulator, thereby simplifying the design of the flight instrument.
In addition, the demonstrated high frequency phase and am-
plitude measurement technique (1.5 THz, doubling the highest
frequency of our previous experiments) and the use of NDFs
opens up this technique to wider applications requiring low
backgrounds and/or high frequencies. While this demonstrated,
well understood, wideband and low cross-polarization antenna
could be an attractive option for many future applications.

All presented data are available via a reproduction package
uploaded to Zenodo [47].

APPENDIX

A. Polarization Transmission Calibration

In this setup there are two components with a significant
polarization dependent transmission, the NDF and the beam-
splitter, which would not be present in flight. Therefore it is
valid to correct the measurements for these components. The
Fresnel equations (e.g., see [48]) state that radiation incident
on a dielectric interface exhibits polarization-dependent trans-
mission, which is a function of both the angle of incidence
and the dielectric constant. For finite thickness dielectrics in air
or vacuum, interference between reflections from the two air–
dielectric interfaces give a wavelength and thickness dependent
effect [49]. When co-aligned with the principal polarization axes
(as with the NDF) the transmission correction can be applied
directly. If not, the effect of the component can be determined
with a Jones matrix formulation to de-rotate to the principal
planes and then calculate the transmission (e.g., see [50]). This

should be done with the complete polarization vector
[
Eco

Ecx

]
. The

modeled transmission (extinction) ratios of the polarization in
the plane (p-pol. [48]) and perpendicular to the plane (s-pol.) of
incidence on the beamsplitter and NDF are shown in Fig. 8. The
beamsplitter is modeled based on Naylor et al. [49], assuming a
thickness of 12.5 μm and index of refraction n = 1.72. The NDF
was simulated using the transmission line matrix method [38],
incorporating the TE and TM polarization characteristics at a
45◦ angle of incidence within the operational frequency band.

also confirmed with a (small) polarizer within 1 dB, where the hot-cold load
response was modulated by the polarizer rotation angle.

Fig. 8. Modeled ratio of s- and p-polarization transmission components for
the NDF and beamsplitter versus incident angle.

The impedance of the metal film and the dielectric constant of
the substrate at cryogenic temperatures were determined based
on data from [24]. Strictly speaking, the angular dependence
of the beam and transmission should be considered for each
component. However, this is left for future work, and for now,
we assume plane wave incidence here. This is a valid approx-
imation for the small beam angle range of (±7◦) we need to
consider in this system. For the measurements presented the
co-polarization axis was aligned with the s-pol. of the NDF,
giving a correction of +5 dB relative to the cross-polar level.
For the beamsplitter, we must account for the camera optics
field rotation of ∼60◦, which results in a –1 dB correction to the
cross-polarization level, yielding a total correction of +4 dB: i.e.,
the raw uncorrected measured cross-polarization is 4 dB lower
than the results presented in the main body of the article. This
correction is applied to all data following determination of the
cross-polarization minimization derotation angle.
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