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Fig. 6. Finite-element simulation results at 100 GHz of the reflec-
tive pupil [Fig. 5(a)] illuminated by an ideal Gaussian beam with a
9 mm beam waist at the center of the pupil: (a) E -plane beam patterns
of the Gaussian beam reflected from the embedded unpatterned mirror
and from the pupil pattern; (b) same in the H plane; (c) and (d) are the
electric near-field amplitude distributions for the mirror and pupil,
respectively.

The simulations at 100 GHz in Fig. 6 demonstrate ∼25%
reduction of the FWHM by the pupil as compared with the
reflection from the 60 mm diameter PEC mirror, as well as
SLL<−11 dB in both the H and E planes. The asymmetry of
the sidelobes in the H plane [Fig. 6(b)] has a fundamental nature
and can be qualitatively demonstrated using the Kirchhoff
diffraction equation for a slit or an annular aperture illuminated
by a beam at oblique incidence [27]. The Fresnel diffraction
model employed in our analysis and design constitutes a sim-
plified version of the Kirchhoff formula in the case when the
diameter of the aperture is much larger than the wavelength.

Nevertheless, it suits the purpose of the design and provides
sufficient accuracy within limited angular range, given after
all that the final optimization of the structure is carried out by
FEA simulation. Anyway, the results in Fig. 6 correspond well
with the design values obtained with the first-order diffraction
model.

3. FABRICATION AND OPTICAL
CHARACTERIZATION

A. Reflective Toraldo Pupil Fabrication

The reflective pupil device was manufactured using the Cardiff
University multilayer heat-bonding technology. The pupil pat-
tern was fabricated by photolithographic process using 400 nm
evaporated copper film on a 10 um PP carrier substrate. The
pupil pattern layer was sandwiched between the pPTFE sub-
strate and PP superstrate using 6 um low-density polyethylene
(LDPE) as the bonding film. A solid 400 nm copper back-short
was added as well. The assembly was hot-pressed using a special
thermal cycle to prevent warping, and the fabricated device is
shown in Fig. 7. Although the outer diameter of the fabricated
pupil was 200 mm, that was expected to have indiscernible effect
as compared to the simulated 60 mm device, due to the relatively
small Gaussian beam width.

The flatness of the reflective device proved to be impera-
tive for accurate optical characterization, so that special care
was taken during the fabrication and measurements. Upon
visual examination, it appeared that the pPTFE substrate
imparted subwavelength roughness on the embedded con-
ductor as well as on the back-short. However, comparison of
the reflection from the rough back-short and from a reference
smooth copper mirror suggested negligible impact of such
roughness on the measurement. Therefore, we inferred that
the effect of the roughness of the embedded interfaces (viz.,
PP–copper, PP–pPTFE, and pPTFE–copper) on the reflection
was insignificant.

B. Experimental Setup

The fabricated reflective Toraldo pupil device was measured
at 45◦ off-axis incidence using an automated beam-scanning
test bench (Fig. 8). The test setup features a quasi-optical (QO)

Fig. 7. Fabricated reflective Toraldo pupil prototype: (a) full top-
view of the device showing the elliptical inner coronae; (b) close-up
view on the inner coronae pattern.
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Fig. 8. Quasi-optical test bench for characterization of the reflective
Toraldo pupil device: (a) optical sketch (top view) of the beam-
measurement setup, with φ representing the scan angle as per Eq. (1);
(b) photograph of the device being measured. [Figure 8(b) shows the
test bed being assembled with the convex side of the lens facing the
source feed horn, although it was rotated and facing the DUT, c.f.,
Fig. 8(a), in actual measurements.]

feed chain comprising a W-band corrugated feed horn, [28],
emitting an ultra-Gaussian (UG) beam (Ultra-Gaussian horns
feature higher power conversion into the fundamental mode
and lower sidelobes as compared to the conventional horns,
which is achieved by adding H1n modes to the principal H11

mode.) of linear polarization and a commercial plano-convex
PTFE lens (Thorlabs LAT151) transforming the source beam
waist into a larger beam at the center of the pupil.

Following the analysis based on the Gaussian beam transfor-
mation by a thin lens [29], the lens was placed at 224 mm from
the horn aperture with its plane side facing the incident wave,
since the incident beam has a smaller radius of curvature as com-
pared with the outgoing beam. The device under test (DUT)
was set vertically at 45◦ to the beam axis at 443 mm distance
from the vertex of the lens. The major axes of the concentric
elliptical coronae of the reflective Toraldo pupil were oriented
horizontally so that the patterned aperture effectively appeared
circular when projected onto the plane orthogonal to the beam
axis. This arrangement was aimed to fit the source beam within
the PTFE lens aperture while providing a suitable beam waist

on the Toraldo pupil aperture. Both distances were fine-tuned
for minimum phase variation versus scan angle across the main
beam, although no true phase center was found.

The rotating scan was implemented with a precision rotary
motor operated by a motion controller. The transmission
parameter measurements were carried out in the high W-band
(88-110 GHz) using commercial Rohde & Schwarz ZVA-67
vector network analyzer (VNA) equipped with ZVA-Z110 fre-
quency converters. At each angular position of the scan, the data
readings were taken twice in both forward and reverse rotation
directions, which allowed in situ monitoring of the effects of RF
noise and rotational backlash (rotor slip) and thus ensured the
best quality data. The experiment was conducted inside an ane-
choic chamber, and attention was given to terminate the main
beam when it was not pointing to the receiver probe (a custom-
designed W-band matched the open-ended circular waveguide
feed with 2.39 mm aperture). The VNA and motion controller
were integrated into the automated measurement system with
the aid of LabView software and National Instruments GPIB
interface cards (Fig. 9).

The stand-alone source feed horn was characterized by FEA
simulation and beam-pattern measurement, and its beam
waist retrieved from the FWHM at 100 GHz was 4.72 mm,
corresponding to ∼0.59 of the aperture radius and thus indi-
cating a lower aperture illumination efficiency of the UG horn
as compared to the conventional conical corrugated horns.
The ultra-Gaussian beams also feature high-order modes [30].
Therefore, special consideration was given to characterization
of the source beam Gaussicity, which might have had unde-
sirable, possibly unpredictable, effect on the modal purity
of the lens-transformed beam illuminating the pupil, which
thus undermined the comparison of the simulations with the
measurement.

Putting aside the beam vorticity, a circularly symmetric beam
profile can be decomposed into a superposition of Laguerre–
Gaussian modes in cylindrical coordinates [30] as follows:

U

Fig. 9. Schematic diagram of the automated beam-pattern measure-
ment system for reflective pupil characterization.
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where C p is the complex amplitude of the mode with index p
and L p(· · · ) is the corresponding Laguerre polynomial.

The Gaussian beam in Eq. (3) is defined by the radius of cur-
vature of the spherical wavefront R(z), the Rayleigh range zR ,
and the beam width along the direction of propagation w(z),
given as [29,30]
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[
1+ (zR/z)2

]
;

zR = πw
2
0/λ;
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√
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2.

The Gouy phase shift of the pth mode in Eq. (3) is given by

θp(z)= 2 · p · a tan(z/zR).

The beam generated by the standalone UG horn (mea-
sured directly) and that transformed by the QO feed network
were characterized using Eq. (3). In the modeling, we kept the
number of polynomial terms to a minimum and the respec-
tive coefficients real valued, when possible, to fit the measured
data with reasonable accuracy. A constraint on the polynomial
coefficients was imposed by requiring the model beam to have
the same beam waist at the origin as the one derived from the
measured beam patterns (4.72 mm for the feed horn beam and
8.28 mm for the beam generated by the QO feed chain). It
should be noted that the modeling in Section 2 and calculations
of the parameters of the test setup in Fig. 8(a) imply a 9 mm
beam waist at the device aperture, whereas the smaller value,
8.28 mm, has been retrieved from the measured beam pattern.
The discrepancy can be attributed to the thin-lens approxima-
tion used in Gaussian beam transformation as well as different
excitations between the simulation and measurement.

In the case of the feed horn beam pattern, four polynomial
terms with real-valued coefficients provided an excellent fit,
whereas for the beam generated by the QO feed network and
reflected off the pupil back (mirror) side, the polynomial coef-
ficients had to be made complex valued; see Fig. 10(a). The
FEA-simulated beam pattern in Fig. 10(a), corresponding to
the reflection of the fundamental-mode Gaussian beam, with
8.28 mm beam waist at the pupil center from the device back
(mirror) side, appears to be in a good agreement with mea-
surements within the scan angle range of ± 8◦. This angular
range permits fairly accurate analysis using the model of the
fundamental-mode Gaussian beam (“GB0”).

The plot in Fig. 10(b) shows the comparison of the Gaussian
and ultra-Gaussian beams transmitted through the equivalent
60 mm transmissive pupil using the pupil model [Eq. (2)] and
the beam model [Eq. (3)]. The ultra-Gaussian beam features
almost the same FWHM and just ∼1 dB increase of the near-
est sidelobe level relative to the Gaussian beam. Therefore,
this modelling supports the choice of the fundamental-mode

Fig. 10. Characterization of the source beam illuminating the
reflective Toraldo pupil at 100 GHz by measurement, FEA simulation,
and modeling with Eqs. (2) and (3): (a) measured source beam reflected
from the pupil back (mirror) side, FEA simulation and model patterns
of Gaussian (GB0) and ultra-Gaussian (LGB3) beams transmitted
through a 60 mm circular aperture (adjusted beam waist of 8.28 mm)
with the best-fit LGB coefficients [Eq. (3)] shown top left; (b) com-
parison of the model Gaussian and ultra-Gaussian beams transmitted
through the 60 mm pupil. The figures of −3 dB and −8.7 dB corre-
spond to the half-width at half-maximum and the beam width at 1/e 2

of the maximum, respectively.

Gaussian beam source for computationally efficient FEA sim-
ulations of the pupil performance with moderate effect on the
results, instead of simulating the complicated QO feed chain.

The H-plane beam measurements of the fabricated pupil
were conducted in vertical polarization, as the DUTs with the
attached QO feed chain were rotated in the horizontal plane
about the DUT center (which was supposed to coincide with
the phase center). The distance from the center of rotation
to the probe was set to 500 mm, which was essentially con-
strained by the counterbalancing length of the rotating arm
on which the components were mounted. By rotating the QO
feed plus DUT assembly the fixed receiving probe scanned in
the azimuthal plane, the spherical phase front of the Gaussian
beam reflected off the DUT. The aperture-averaging effect of
the probe was found to be negligible. Additional pyramidal
and sheet radiation-absorbent materials (RAM) were used at
places to reduce the unwanted scattering from the supporting
structures.
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C. Reflective Toraldo Pupil Measurement Results

The H-plane beam-measurement results for the patterned
side of the reflective pupil are shown in Fig. 11 at 100 GHz.
Compared with the beam pattern for the reflection from the
mirror [Fig. 10(a)], the measurements demonstrate ∼42%
reduction of the FWHM induced by the pupil. The measured
nearest sidelobe level is less than −10 dB. These figures cor-
respond well with the design values derived with Eq. (2) (see
Fig. 4), although the FEA simulated beam profile (the green
dashed curve in Fig. 11) appeared to be noticeably wider and
exhibited a different structure of the sidelobes as compared with
the experiment.

One obvious contribution to the above discrepancy is due to
the use of the GB0 excitation in the FEA model, which proved
to be valid only in a limited angular range for specular reflection
[see Fig. 10(a)]. With respect to other possible effects, our FEA
parametric analysis suggested that the discrepancy cannot be
satisfactorily explained by reasonable deviation of the material
parameters, the fabrication tolerances, or by a smaller source
beam waist. However, by examining the beam pattern taken at
a tilt angle with respect to the reference H plane (see the solid
orange line in Fig. 11), we observed that the beam-pattern cut at
3.6◦ provides a good fit to the measurements within ± 6◦ scan
angle range, which thus suggests that there might have been
some inaccuracy in mounting the sample for reflection measure-
ments. If that is true, reduction of the beam width by the pupil,
according to the FEA simulations, recedes to ∼32%, which is
even close to 25% value by design. It should also be noted in this
respect that the sample warping during the measurements, as
well as imperfect alignment of the components of the QO feed
chain, may constitute another cause of the discrepancy.

Nonetheless, the measurements appeared to be in reasonably
good quantitative agreement with prediction of the first-order
diffraction model and FEA simulations, which thus provides
evidence of the utility of the proposed design approach. Besides,
our preliminary simulations of the complete test setup, includ-
ing the corrugated feed horn, reimaging lens, and reflective
pupil, using Altair FEKO electromagnetic simulation software
[31] have confirmed that the super-resolution was attained.
These simulations, along with new field-test results, will be

Fig. 11. Normalized beam patterns of the reflective Toraldo pupil
at 100 GHz: measured (solid blue), FEA simulated (solid green for
aligned and solid orange for tilted device), and calculated from the
first-order diffraction model [Eqs. (2) and (3)], [dashed red, same as in
Fig. 10(b)].

reported in our future publication. In the future, we also intend
to adopt the more accurate Kirchhoff or Rayleigh–Sommerfeld
formulae at oblique incidence [27] for the reflective pupil mod-
eling andthus eliminate the last equivalence in Fig. 3(e). This
should allow more efficient design of eccentric coronae reflective
pupils with improved beam symmetry; see, e.g., [32].

As to the optical performance of the reflective pupils, aimed
to demonstrate super-resolution at millimeter wavelengths, we
can conclude that despite the constraints of the FEA simulations
(i.e., the use of the fundamental-mode Gaussian field source)
and some paucity of experimental data (i.e., the lack of E -plane
co-polarization and cross-polarization measurements, which
were not possible with the available equipment), the presented
results confirm the effect of diffractive beam narrowing in
reflection.

4. CONCLUSIONS

The new concept of the reflective pupil based on the Toraldo
super-resolution principle has been presented. The reflective
pupil design procedure has been derived from first princi-
ples using the scalar theory of diffraction and the equivalence
between reflective and transmissive structures. The funda-
mental trade-offs of the diffractive super-resolution have been
discussed. Practical implementation of the reflective pupil
structure has been developed using the working principle of the
magnetic mirror presented in [25].

The beam shaping with the reflective pupil has been analyzed
using the first-order diffraction model and FEA simulations
with Ansys HFSS software. The reflective pupil device has been
fabricated and measured with a quasi-optical setup. The test
results proved to be in good quantitative agreement with simu-
lations. Therefore, we have demonstrated the super-resolution
achieved with the reflected pupil as well as the utility of the ana-
lytical and numerical modelling in the design of the reflective
pupil.

More results of the experimental characterization will be
reported elsewhere, including the E -plane beam measure-
ments and cross-polarization data. Field tests of the reflective
pupil in a millimeter-wave telescope are envisioned as well.
Concerning the future concept developments, the use of broad-
band metal-mesh metamaterials can open new routes to the
design of reflective pupils with arbitrary continuous phase and
amplitude apodization, which thus permits three-dimensional,
i.e., simultaneous transversal and longitudinal, super-resolution
and ultimate control of the device performance.
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