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A Study of Integrated Low-Permittivity Lenses
With Strong Shadow Region Illumination
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Abstract—This article investigates the validity of the physical
optics/geometrical optics (PO/GO) approximation in modeling
low-permittivity integrated lens antennas when there is significant
illumination of the shadow region as a function of the feed and
lens geometry. The comparative analysis reveals that for certain
extended hemispherical lenses, feed illumination of the lens sur-
face beyond the critical angle leads to significant discrepancies in
radiation pattern and antenna gain between PO/GO predictions
and full-wave simulations. These discrepancies are traced to the
constructive far-field contribution of the shadow region currents
relative to those originating from the top lens region below
the critical angle. The measurements of fabricated extended
hemispherical lenses confirm these findings, showing up to 2-dB
gain enhancement over PO/GO predictions and showcasing the
limitations of traditional high-frequency modeling techniques in
capturing this phenomenon. The significant gain enhancement,
along with the clean measured radiation patterns, highlights the
potential of using lens antenna designs with feeds that provide
strong shadow region illumination. These findings provide new
insights into the development of high-performance integrated lens
antennas for advanced communication and sensing applications.

Index Terms—Critical angle, geometrical optics (GO), inte-
grated lens antenna, low-permittivity lens, near-field measure-
ments, physical optics (PO), shadow region.

I. INTRODUCTION

ENS antennas have attracted significant attention in
recent years due to their ability to offer high gain, wide
bandwidth, and precise beam shaping, making them crucial
for emerging communication networks such as 5G, 6G, and
beyond [1], [2], [3], [4]. Their potential is further amplified
by the ability to integrate feeds directly into the lens structure,
improving performance and enabling more compact designs
[5], [6], [7]. In addition to their role in future wireless
systems, lens antennas have demonstrated great versatility
in applications such as radar systems, imaging technologies,
and satellite communications, driving continuous innovation
in their design and optimization [8], [9], [10].
The stringent requirements of future telecommunication
systems, often demanding a directivity of 30 dBi or higher,
lead to large lens diameters, sometimes reaching up to 30
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Fig. 1. Difference between the PO/GO approximated field and the actual field
on top of the lens surface. Geometry with a weakly illuminated shadow region
(left). Geometry with a strongly illuminated shadow region (right). Angle at
which the critical angle occurs is denoted with 6.. Blue color represents the
radiation pattern of the feed.

wavelengths. For such applications, low-permittivity plastics
are a viable candidate for the lens material, due to their
low-loss properties, which help maintain efficiency even at
higher frequencies [8]. Designing such high-directivity lenses
with integrated feeds using commercial full-wave simulation
tools is both computationally intensive and time-consuming.
To address these challenges, designers commonly rely on the
approximations provided by physical optics/geometrical optics
(PO/GO) models [11], [12], [13], [14], [15]. In this approach,
GO is used to model propagation inside the lens, while the far-
field is computed by radiating equivalent currents on the lens
surface based on the PO approximation and the equivalence
theorem.

Particularly of interest for this article is the approximation
of zero-field beyond the critical angle, creating a shadow
region. As illustrated in Fig. 1, depending on the feed’s
illumination level of this shadow region, the validity of the
PO/GO approximation is expected to vary. When the shadow
region is strongly illuminated, the resulting error in the field
distribution on the lens surface is more significant than in
cases of weak illumination. While the limitations of this
critical angle approximation have been analyzed primarily in
terms of numerical accuracy [16], [17], its design implications
remain unexplored. This is primarily because lens feeds are
typically designed to avoid significant illumination of the lens
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surface beyond the critical angle, minimizing the impact of
this approximation in traditional designs. Furthermore, to the
best of the authors’ knowledge, no experimental demonstration
of an efficient lens design with a strongly illuminated shadow
region has been provided to date.

In this article, the effect of strongly illuminating the shadow
region of the lens is studied numerically and experimentally
for an extended hemispherical lens of different diameters
and extension lengths. Since the commercially available full-
wave tools are limited in terms of the lens size that can
be simulated, this study is first conducted for a lens in a
parallel-plate waveguide (PPW) environment for both TM
and TE incidence, with the results being related to the 3-D
lens antenna. Furthermore, experimental results for extended
hemispherical lenses of different diameters with a strongly
illuminated shadow region are given in this article for the first
time, not only verifying the limitation of the PO/GO model,
but also showing a significantly higher measured gain than the
PO/GO model predicts.

This work adopts a structured methodology to evaluate the
accuracy of the PO/GO approximation across increasingly
complex simulation and measurement setups. Section II begins
with the analysis of 2-D lenses in a PPW configuration, which
enables efficient and isolated evaluation of the impact of lens
geometry and shadow region illumination under both TE and
TM incidence. This controlled environment allows direct com-
parison between full-wave simulations and PO/GO predictions
and facilitates decomposition of the far-field into contributions
from regions below and above the critical angle. In Section III,
these insights are extended to 3-D integrated lenses using full-
wave simulations of geometries equivalent to those studied
in the PPW case. Section IV presents experimental near-field
measurements of fabricated lens prototypes, from which the
far-field is reconstructed and compared to PO/GO predictions.
This multilevel approach enables consistent evaluation of the
PO/GO approximation across simulation and measurement
domains and highlights conditions under which it becomes
inaccurate. Conclusions are given in Section V.

II. VALIDITY OF PO/GO FOR PPW LENSES

Simulating lens antennas with diameters in the order of
30 wavelengths using full-wave software tools like CST
Microwave Studio [18] is either extremely time-consuming
and impractical for design purposes or outright impossible
due to the size of the lens. To address this challenge,
high-frequency approximations such as PO/GO are often
employed for lens antenna design. However, studying the
validity of PO/GO approximations requires full-wave simula-
tions as a reference for comparison. Therefore, it is essential to
develop full-wave counterparts that correspond to the PO/GO
approaches.

This section investigates the behavior of integrated lens
antennas in a simplified 2-D environment using a PPW con-
figuration. The PPW geometry enables efficient simulation of
large-diameter lenses by restricting the analysis to a 2-D cross
section, while allowing either TE or TM incidence w.r.t. the
lens surface. The TE and TM incident waves correspond to
the two principal planes of a 3-D lens, which experiences

hppur

Fig. 2. TIllustration of a PPW lens and its LW feed for TE and TM waves
incident on the lens surface.

both simultaneously. The PPW configuration thus serves as a
simplified problem for isolating and studying the influence of
the shadow region illumination under controlled excitation. By
comparing full-wave and PO/GO results, this section evaluates
the conditions under which the PO/GO approximation breaks
down.

Contrary to the PPW lenses commonly found in the lit-
erature that radiate in free space [19], [20], the PPW lenses
analyzed in this article are confined within infinite waveguide
plates radiating in the PPW environment. As illustrated in
Fig. 2, the lens is confined between two infinite PEC parallel
plates in the case of TE incidence and between two infinite
PMC plates for TM incidence. The relative permittivity of the
lens is &,, while the rest of the PPW is filled with air. The
thickness of the PPW is chosen not to support higher-order
modes and is equal to £, = 0.2514,., where A, is the central
frequency wavelength in the lens medium.

For such a defined PPW geometry, we derived a PO/GO
method analogous to that used for standard 3-D lenses, start-
ing from the Green’s function of an infinite electric current
radiating in a homogeneous medium. The derivation steps
and resulting expressions are provided in Appendix A. In the
remainder of this section, we compare the PO/GO-calculated
results with full-wave (CST Microwave Studio) simulations
for various PPW lenses. The CST results are obtained by
calculating the equivalent surface currents on the lens (TE:
(6), TM: (11)), which are then used to compute the radiated
field (TE: (7), TM: (12)). While the radiation patterns of the
PPW lens differ from those of 3-D lenses due to its cylindrical
spreading factor, we found that the insights gained into the
validity of the PO/GO approximations for the PPW lens are
still applicable to 3-D lenses. This applicability is shown in
Section III.

A. LW Feed

For standard lens antennas, high aperture efficiency is
typically achieved by designing the feed pattern below the
truncation angle of the lens to be as uniform as possible,
maximizing taper efficiency. At the same time, a sharp drop
in field amplitude above the truncation angle is required to
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Fig. 3. PPW LW feed pattern for TM and TE incidence (Table I) compared
to the 3-D LW feed pattern (Table III).
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Fig. 4. (a) Elliptical lens, & = 2.19,D = 281y, and ot = 31.1°
(b) Extended hemispherical lens, &, = 2.19, D = 281, L; = 1.553R, (xf’“‘l =
32.8°, and a¢! = 25.7°. The shadow region is indicated with the gray area.

TABLE I

GEOMETRICAL PARAMETERS OF THE PPW LW FEEDS
AS ILLUSTRATED IN FIG. 2

lca'u ls ds
0.657  0.415

[unit]
>\O,c

hgap heav
0.5 0.28 1.5

minimize spillover. This balance is often accomplished by
using leaky wave (LW) antennas as feeds, which also enable
seamless integration into the lens structure. The LW feed used
in this work is implemented as a partially reflecting surface
cavity, a configuration commonly referred to as a Fabry—Perot
antenna [1], [21], [22], [23]. To maintain the PPW lens as
close as possible to a 3-D lens, we choose to feed the PPW
lens with a PPW LW antenna, as illustrated in Fig. 2. As can
be seen, both LW feeds related to TM and TE lens’ surface
incidence consist of an air gap of height A, placed between
the lens medium and PEC. The radiating element for the TE
incidence is a thin slot of length /; oriented along the x-axis,
below which an air cavity dimensioned with A, and [, is
placed to avoid back radiation. The TM incidence feed has
two y-oriented slots to suppress the unwanted TM, mode.

TM incidence TE incidence

-5 —full wave
—PO/GO 45
-10
=) 40'M
=15 -
5 355
LL: . S
I '-20 =R
- 30
25
-30 /
0 2 4 6 0 2 4 6
a [deg] o [deg]

Fig. 5. PPW far-field of the elliptical lens illustrated in Fig. 4 at central
frequency. Lens is fed by the TM/TE incidence LW feeds given with
parameters in Table I.
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Fig. 6. PPW gain of the elliptical lens illustrated in Fig. 4. Lens is fed by
the TM/TE incidence LW feeds given with parameters in Table I.
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Fig. 7. PPW far-field of the extended hemispherical lens with extension
= 1.553R illustrated in Fig. 4 at central frequency. Lens is fed by the
TM/TE incidence LW feeds given with parameters in Table 1.

TABLE I

GEOMETRICAL PARAMETERS OF THE STUDIED
PPW LENSES OF DIFFERENT DIAMETERS

Do) 7 4 28
L[R] | 1.446 1518 1.553

o] | 347 334 328

ot [°] | 280 263 257

To imitate the 3-D LW feed [1] used for the measurements
in Section IV, LW feed parameters for both TE and TM
incidence are optimized and are given in Table I for the
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Fig. 8. PPW gain of the extended hemispherical lens with extension L =
1.553R illustrated in Fig. 4. Lens is fed by the TM/TE incidence LW feeds
given with parameters in Table 1.

1.075 1.15

TM incidence

TE incidence

30
£ )
‘ 205
iz
15 =
10
5 5
214-10 -5 0 5 10 14-14-10 -5 0 5 10 14
21/ Aoc 21/ Aoe

Fig. 9. Equivalent currents on top of the surface for the extended hemispher-
ical lens with extension L = 1.553R illustrated in Fig. 4 at central frequency.
Lens is fed by the TM/TE incidence LW feeds given with parameters in
Table 1.
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Fig. 10. Gain difference between full-wave and PO/GO models for extended
hemispherical lenses of different diameters whose parameters are given in
Table II. All lenses are fed by the TM/TE incidence LW feeds given with
parameters in Table 1.

TABLE III

GEOMETRICAL PARAMETERS OF THE 3-D LW FEED
AS ILLUSTRATED IN FIG. 14

hgapP\O,c] t[AO,c] Ltap [)\O,c] (I)tap [0]
0.5 0.08 4.4 3
wg[Ao,c] wlAo,c] polro,c] a[°]
0.8 0.3 0.54 65.5

HDPE lens medium of € = 2.19. The radiation patterns of the
optimized PPW LW feeds are presented in Fig. 3, showing

215 TM incidence
21
20.5
% 20
O
19.5
19
18.5
215 TE incidence
I 21
20.5
Z 2
]
19.5
—full wave
197 _posco
—truncated full wave currents
18.5
0.85 0925 1 1.075 1.15
flfe
(b)
Fig. 11. (a) Extended hemispherical lens, &, = 2.19,D = 284p.,L =

1.742R, 0" = 29.9°, and a¢™" = 22.7°. The shadow region is indicated with
the gray area. (b) PPW gain of the extended hemispherical lens illustrated in
(a). Lens is fed by the TM/TE incidence LW feeds given with parameters in
Table 1.
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Fig. 12. PPW far-field of the extended hemispherical lens with extension
L = 1.742R illustrated in Fig. 4 at central frequency. Lens is fed by the
TM/TE incidence LW feeds given with parameters in Table 1.

an excellent agreement with the 3-D LW feed pattern in the
principal planes. These PPW LW feeds are used for all lenses
presented in this section.

B. Elliptical Lens

An elliptical lens is considered a canonical lens geometry
since, in theory, it gives perfectly collimated beams pointing in
at broadside direction. This is true, taken that the phase center
of the feed is located in the lower focal point of the ellipse.
An example of elliptical lens geometry for which critical angle
does not appear, together with the ray tracing image is given
in Fig. 4(a), where D = 284y, denotes the lens diameter and
as" = 31,1° its truncation angle. All the lenses presented
in this article are made out of HDPE material with relative
permittivity &, = 2.19, if not stated otherwise.
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Fig. 13. PPW far-field contributions of the extended hemispherical lenses
with extensions L = 1.553R and L = 1.742R at central frequency. Lenses are
fed by the TM/TE incidence LW feeds given with parameters in Table I.
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Fig. 14. Illustration of the 3-D LW feed illuminated by a square waveguide
with two shaped slots as radiating elements.

Radiation patterns of the PPW elliptical lens for both
incidences are plotted in Fig. 5, where the angle « is given in
Fig. 2. Comparing the PO/GO and full-wave results, it can be
seen that the match between the two is very good, particularly
in the main beam and the first sidelobe. Similarly, the far-
field gain of a cylindrical wave (Appendix) is given in Fig. 6,
demonstrating good accuracy of the PO/GO approximation for
the canonical case of the elliptical lens.

C. Extended Hemispherical Lens

Another commonly used lens geometry is the extended
hemispherical lens [11], [24]. While elliptical lenses offer
superior beam collimation and higher aperture efficiency,
extended hemispherical lenses generally provide better scan-
ning performance and are sometimes preferred as a cost-
effective alternative due to their less complex geometry, which
can simplify fabrication. Furthermore, the extension length of

an extended hemispherical lens offers an additional degree of
freedom with respect to elliptical lenses. An example of an
extended hemispherical lens is shown in Fig. 4(b). Its diameter
is the same as that of the elliptical lens previously introduced,
and its extension L is equal to 1.553R, where R = D/2 is the
hemisphere’s radius. Notably, for this geometry, the critical
angle a¢*! = 25.7° appears before the truncation angle of
the lens o' = 32.8°. Using the LW feed optimized for the
elliptical lens (Fig. 3), the lens surface in the shadow region
is observed to be unusually strongly illuminated.

The PPW far-field of the extended hemispherical lens is
given in Fig. 7. First, it can be observed that its pattern is
inferior to that of the elliptical lens plotted in Fig. 5. This
is because the extension L = 1.553R was chosen as the
length that gives optimal performance for a 3-D extended
hemispherical lens. Since the spreading factors differ, this 3-D
optimal extension does not yield the best directivity and gain
for the PPW lens. Second, differences between the full-wave
and PPW PO/GO far-field results are visible even in the main
beam, both in amplitude and shape. This discrepancy becomes
more pronounced when plotting the PPW gain of the lens
(Fig. 8), where deviations between the PO/GO and full-wave
models range from 0.5 to 1 dB across the frequency band for
both TM and TE incidence.

To better understand the difference between the PO/GO and
full-wave results, the equivalent currents on the lens surface,
as given in (6) for TE and (11) for TM incidence, are plotted
in Fig. 9. As shown in the zoomed-in views, the PO/GO
currents are abruptly truncated at the critical angle, beyond
which the shadow region begins. This truncation is one of the
approximations of PO/GO, which the full-wave model does
not assume, allowing nonzero fields in the shadow region. To
further explore the differences that occur beyond the critical
angle, the PPW far-field was recalculated using full-wave
equivalent currents artificially truncated at the critical angle
to simulate the shadow region. The results, plotted in Figs. 7
and 8, show much better agreement between the PO/GO
and the truncated full-wave models. This confirms that the
primary discrepancy between the PO/GO and the full-wave
arises from the shadow region, and not from the oscillations
of the full-wave equivalent currents below the critical angle
(related to the multiple reflections inside the lens). The results
presented indicate that, for the specified geometry and feed
configuration studied, the PO/GO approximation is insufficient
for an accurate gain estimation.

D. Impact of the Lens Diameter

The discrepancy between the PO/GO and full-wave results
was also analyzed for extended hemispherical lenses of vary-
ing diameters. The geometrical parameters of these lenses
are summarized in Table II, all of which share very similar
truncation and critical angles.

The differences in gain between the full-wave and PO/GO
results are shown in Fig. 10. As observed, the discrepancy
between the full-wave and PO/GO results remains consistent
across all three lenses and does not appear to depend on the
lens diameter. Additionally, following the same procedure as
presented in the previous section, full-wave equivalent currents
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are truncated at the corresponding critical angles from which
the PPW far-fields are calculated. As can be noted from
Fig. 10, the difference between such truncated results and
PO/GO models is lowered for all the lenses studied, once again
highlighting the validity limitation of the PO/GO model in the
shadow region.

E. Impact of the Extension Length

In Sections II-C and II-D, it was shown that the specified
extended hemispherical PPW lens geometry and LW feed
combination result in a notable mismatch between the PO/GO
approximation and the full-wave model. Further analysis by
the authors revealed that this discrepancy is highly sensitive
to the lens material and geometry. To illustrate this, another
example is presented: an extended hemispherical lens with the
same diameter and material as the lens previously studied but
with a different extension length, L = 1.742R. Its geometry and
ray tracing image are shown in Fig. 11(a), while the feeding
element remains the same as in the previously studied PPW
lenses.

The critical angle of this lens appears at @¢™? = 22.7°, and
as can be seen in Fig. 3, its shadow region is illuminated even
more strongly compared to the extended hemispherical lens
with a shorter extension, L = 1.553R. However, as shown
in Figs. 11 and 12, the discrepancy between the PO/GO
model and full-wave results is significantly smaller for this
lens. While the agreement is not as precise as in the case
of the elliptical lens, the match between the two methods
is relatively good, and truncating the full-wave currents has
minimal impact on the radiation pattern and gain.

To further examine the impact of lens geometry on the
validity of the zero-field approximation in the shadow region,
the full-wave far-field is decomposed into two components.

1) E/HEL,.: the contribution from equivalent currents on
the lens surface below the critical angle (previously
given with blue in Figs. 7 and 12).

2) E/HLL ., the contribution from the shadow region
equivalent currents. The shadow region is confined
between the critical angle and the truncation angle of

the lens, as illustrated with gray color in Figs. 4 and 11.
The total far-field (previously given with black in Figs. 7
and 12) is equal to the summation of the two contributions

E/HTF = E/HFT

ztotal — z,trunc

+ E/H'T (1)

z,shadow*

For the extended hemispherical lenses with L = 1.553R
and L = 1.742R, the amplitudes of these far-field components
and their phase differences are plotted in Fig. 13. In the
L = 1.553R case, the shadow region contribution at broadside
is approximately 20-25 dB lower than that from below the
critical angle. However, for both TM and TE incidence, these
components are nearly in phase, resulting in constructive
summation at broadside and explaining the gain discrepancy
between the PO/GO approximation and the full-wave model
observed in Fig. 8.

For the L = 1.742R lens, the two far-field components are
nearly out of phase, resulting in a destructive summation of the
fields at broadside. This is evident in the gain plots in Fig. 11,

where the gain calculated from truncated full-wave currents
exceeds the gain that includes both below- and above-critical-
angle contributions. However, since the amplitude difference
between these components is large (>30 dB), the resulting gain
reduction is relatively minor. As a result, the PO/GO and full-
wave models show closer agreement, as illustrated in Fig. 11.
These findings show that the accuracy of the PO/GO
approximation depends not only on the illumination strength
beyond the critical angle but also on the lens geometry. When
the far-field contribution of the shadow region currents is
negligible compared to that of the equivalent currents below
the critical angle, the zero-field shadow region approximation
holds. However, when the shadow region contribution to the
far-field, which can be either destructive or constructive, is
significant, PO/GO predictions become unreliable.

III. 3-D INTEGRATED LENS WITH STRONG SHADOW
REGION ILLUMINATION

To extend the observations from the PPW analysis to realis-
tic antenna configurations, this section presents the analysis of
3-D integrated lenses. The geometries used match those from
the PPW section, allowing for consistent comparison across
2-D and 3-D lens models. By examining how the radiation
characteristics and gain differ between PO/GO predictions and
full-wave results, this section assesses whether the shadow
region contributions observed in 2-D persist under full 3-D
excitation and geometry.

Given the limitations of full-wave simulations for large lens
volumes, the studied 3-D lens geometry is a D = 144p,
extended hemispherical lens, with its parameters listed in
Table II. This 3-D lens shares the same cross section as the
previously analyzed PPW lens of the same diameter. The
feeding element is an LW antenna, shown in Fig. 14 and
originally presented in [1]. It consists of a half-wavelength air
gap between the lens medium and the PEC, with two shaped
slots serving as radiating elements. These slots are excited by
the TE;p mode of a square waveguide, which is tapered to a
standard flange, as illustrated in the figure. The geometrical
parameters of the LW feed are provided in Table III, and its
radiation pattern in principal planes is plotted in Fig. 3. The
same LW antenna is used as the feed for all lenses presented
in this section and in the experimental validation section.

The PO/GO results are first compared to the full-wave
model, referred to as Model A, as shown in Fig. 15(a). To
account for spillover and reflected waves, absorbers with a
PEC top layer are placed around the lens extension. These
absorbers, which have the same permittivity as the lens and
a loss tangent of tand = 0.1, capture this energy as ohmic
losses, mimicking the PO/GO assumption that such energy is
lost. As seen in Fig. 15(b), the gain difference between the
PO/GO and full-wave results is significant. This discrepancy,
previously observed in the PPW lens, is also evident in the
far-field pattern of the 3-D lens, as shown in Fig. 16.

To further investigate this, a second full-wave model,
referred to as Model B, is simulated. In Model B, the absorber
with the PEC sheet is elevated to the critical angle plane as
calculated from the feed’s phase center. This placement of the
absorber effectively forces the field in the shadow region to
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Fig. 15. (a) Cross section of the full-wave models. (b) Gain of the 3-D lens
fed by the LW antenna parameterized in Table III.

PO/GO vs. Model A PO/GO vs. Model B

0
—H-plane —PO/GO
- E-plane —full-wave
-10 --D-plane co.
--D-plane cx.

|Err| [dB]

Fig. 16. Far-field of the 3-D lens fed by the LW antenna parameterized in
Table III at central frequency.

zero, following an approach similar to the full-wave equivalent
currents truncation used for the PPW lens. As shown in the
gain and far-field plots in Figs. 15(b) and 16, the agreement
between Model B and PO/GO is significantly better than that
between Model A and PO/GO. This confirms that the primary
limitation of the PO/GO model in this case stems from its
assumption of zero field beyond the critical angle.

The results presented in this section show a qualitative
match between the 3-D analysis and PPW results from
Section II. Furthermore, the findings presented indicate that,
for the studied geometry and feed configuration, PO/GO
significantly underestimates antenna gain. Relying solely on
this model would lead to the premature exclusion of extended
hemispherical lenses with a strongly illuminated shadow
region from design considerations. However, full-wave sim-
ulations reveal that such antennas can not only achieve high
gain but also maintain clean radiation patterns, making them
viable candidates for advanced antenna designs.

IV. EXPERIMENTAL VALIDATION

For electrically large lenses, such as the 281, diameter
case considered in the article, full-wave simulations become

—

= gy

/4
/
AN
—

T . ‘
HProbe __g -
#

Absorbers

Fig. 17. (a) Fabricated lenses, from the smallest (top) to the largest (bottom)
diameter. Lenses are mounted on the waveguide-based LW feed given in
Fig. 14 and Table III. (b) Measurement setup. (c) Measurement setup: close-
up. Dashed blue lines represent reference planes.

computationally unfeasible. As a result, antenna measurements
are necessary to evaluate the accuracy of PO/GO modeling
for 3-D lenses. This section presents near-field measurements
of fabricated integrated lens antennas to provide experimental
validation of the PO/GO predictions. The measured lenses
share the same geometries as those analyzed in the simulation
sections. Far-field patterns are reconstructed from the mea-
sured near-field data and compared to PO/GO results. This
comparison enables assessment of how well PO/GO captures
the behavior of practical lens systems in the presence of strong
shadow region illumination.

The lens results of which are presented in this section were
fabricated using an in-house five-axis computer numerical
control (CNC) milling machine. These lenses operate at a
central frequency of f. = 180 GHz, with their geometries
defined by the parameters listed in Table II. As shown in the
table, all lenses share similar geometries, with critical angles
ranging from 25.7° to 28°. Each lens is made of HDPE, a
material with a previously measured permittivity of g, = 2.19
and loss tangent tand = 3.3 x 107*. The lenses are fed by
the waveguide-based LW feed given in Section III, and the
photographs of the fabricated lenses mounted on the feed are
given in Fig. 17(a).

Measurements were performed in the near-field with the
setup shown in Fig. 17(b). Using the waveguide extenders
(WR 5.1) to extend the operational frequency range of the
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TABLE IV

MEASUREMENT PARAMETERS OF THE FABRICATED EXTENDED HEMI-
SPHERICAL LENSES AND THE MEASURED ELLIPTICAL LENS

D[)Xo,c] 7 14 28 18 (elliptical)
dp [cm] 1.0 2.0 25 2.0
0, [°] 49 49 25 45
1.5 36

—waveguide loss| | —meas.
—PO/GO

44444 mismatch loss
35
1

8 nZ
= G
0.5
33
0 32
0.85 0925 1 1075 115085 0925 1 1.075 1.15
f/fe f1fe
(a) (b)

Fig. 18. (a) Mismatch and waveguide losses for the measured elliptical lens.
(b) Gain of the measured elliptical lens fed by the LW feed presented in
Section III.

PNA, the performance of the antenna under test (AUT) was
characterized. A field probe of gain G,, mounted on a CNC
machine, was used to scan the near-field over a plane above the
lens. The far-field of the AUT was obtained by applying the
Fourier transform to the near-field. As shown in Fig. 17(c),
the distance between the scanning plane and the surface of
the lens is given with d,,, while 6, corresponds to the angle
below which the calculated far-field is valid. The geometric
values for the measurements performed are given in Table IV.
The far-field gain of the measured antennas is calculated
from the near-field data, as presented in Appendix B. To
compare the obtained gain results to those calculated with the
PO/GO model, the losses due to the port mismatch and metal
roughness inside the waveguide are de-embedded. Taking (20)
into account, the de-embedded measured gain is equal to

G [dBi] = G’ [dBi] + L,, [dB] + L, [dB], 2)

where the mismatch loss is L, = -10log,o(1 - ISP -
10log,,(1 = IS 2[?) and the waveguide loss L,, is obtained
via a full-wave simulation.

A. Elliptical Lens

Before measuring the extended hemispherical lenses, an
elliptical lens from [1] was measured, and its results were
compared to PO/GO. This validation step ensured the accuracy
of the nonstandard far-field gain calculation derived from near-
field measurements, since the gain of this lens was previously
measured in far-field with good alignment with PO/GO pre-
dictions [1]. The lens geometry is defined by a diameter of
D = 184¢, and a truncation angle of 40.3° occurring below
the critical angle. Its material has a measured permittivity of
2.35.

The far-field of the lens was calculated from the near-
field measurements, which were time-gated to exclude the

0 [deg]

Fig. 19. Extended hemispherical lens near-field measurements at the central
frequency (left). Extended hemispherical lens far-field at the central frequency
(right). (a) D = TAg,, (b) D = 142, and (c) D = 281¢. Lenses are fed by
the LW feed presented in Section III.

reflections caused by the measurement setup.! This measured
radiation pattern matches well with previous measurements,
and PO/GO results as given in [1]. Additionally, the gain
obtained from the near-field measurements, and the waveguide
and mismatch losses are shown in Fig. 18. The waveguide loss,
due to the metal roughness, is significant, highlighting the need
for de-embedding to accurately compare the measured gain
with the PO/GO result. After de-embedding, the measured
gain aligns well with the PO/GO prediction, confirming the
validity of the gain extraction method and the measurement
setup.

It was observed that this time-gating has no significant effect on the
measured gain.
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Fig. 20. (a)-(c) Extended hemispherical lens gain. (a) D = 74g.. (b) D =

1429c. (¢) D = 281¢,. (d) Difference between the measured gain and the
PO/GO gain. Lenses are fed by the LW feed presented in Section III.

B. Extended Hemispherical Lenses

The near-field measurements and radiation patterns for the
three extended hemispherical lenses are shown in Fig. 19.
As anticipated from the full-wave results in Section III, the
measured radiation patterns for the lenses with strong illumi-
nation beyond the critical angle remain exceptionally clean.
Notably, their sidelobes are lower than those predicted by the
PO/GO model, with the largest lens exhibiting a difference of
approximately 7 dB in the sidelobes.

The measured (de-embedded) gains are plotted in
Fig. 20(a)—(c), while Fig. 20(d) highlights the significant
discrepancies between these measurements and the PO/GO
results. It can be noted that the deviation for the two smaller
lenses is frequency-dependent, being larger for the D = 7A¢.
However, for the largest lens, this discrepancy, much like
the critical angle itself, is frequency-invariant and is around
2 dB. The highlighted discrepancies between the PO/GO and
measured results indicate that the shadow region currents add
constructively to the far-field of the lenses for all measured
diameters. Most interestingly, for the D = 281y lens, this con-
structive contribution leads to a significant aperture efficiency
difference between the PO/GO, 40%, and the measurements,
67%.

While previous work, such as [16], has proposed a method
to recover the field radiated by shadow region currents, it
did not provide practical insight into how shadow region
illumination contributes to the far-field or the design impli-
cations it might have. In this article, by decomposing the
far-field into contributions from below and beyond the critical
angle, it is shown that shadow region currents can interfere

either constructively or destructively with the rest of the
radiated field, depending on the lens geometry and illumination
conditions. This observation helps clarify when and why
the PO/GO approximation breaks down in certain configu-
rations. While this study focuses on extended hemispherical
lenses, the results highlight the importance of accounting for
shadow region effects in high-frequency models. A broader
investigation across different lens geometries and feed con-
figurations is needed to generalize these findings and could
ultimately lead to design guidelines indicating when the
PO/GO method—which remains significantly faster than full-
wave [25] or hybrid approaches—can be reliably used in lens
antenna design, and when it cannot.

V. CONCLUSION

Building on simulation-based analysis, this study presented
the first experimental validation of extended hemispherical
lens antennas under strong shadow region illumination, reveal-
ing notable deviations from conventional PO/GO predictions.
The results indicate that, contrary to traditional lens antenna
design guidelines, strong illumination beyond the critical angle
does not necessarily degrade radiation performance. Instead,
as shown for the lens geometry analyzed, if the shadow region
currents add constructively to the far-field, it can lead to
high measured gains and clean radiation patterns, suggesting
that such illumination may not always be detrimental in lens
antenna designs.

A key observation is that in the studied cases, due to
the zero-field approximation beyond the critical angle, the
PO/GO model can underestimate the gain of these lenses.
The measured gain enhancements, reaching up to 2 dB over
PO/GO predictions for the 28-wavelength lens, indicate that
lenses with strongly illuminated shadow regions may still
be viable for certain applications. This effect was validated
for multiple lens diameters, for both parallel-plate waveguide
and 3-D integrated lenses, reinforcing the relevance of the
observed phenomenon. However, the geometrical and mate-
rial sensitivity of the constructive shadow region addition
to the below-critical-angle contribution, should be taken into
account.

Given the increasing demand for high-directivity lens anten-
nas in advanced communication and sensing applications,
these findings suggest that further exploration of lens designs
incorporating strong shadow region illumination could be
beneficial. While additional studies are needed to fully charac-
terize this effect across different configurations and the wave
mechanisms behind it, the results presented here provide useful
insights for optimizing future integrated lens antenna designs.

APPENDIX
PO/GO FOR PPW DERIVATION
In this appendix, the derivation of the PO/GO approximation
is given for a PPW lens. The derivation is presented for both
the TE and TM incidence, followed by the derivation of the
expression for the far-field gain of a cylindrical wave.

A. TE Incidence

To facilitate PPW feeds that have current distributions that
are nonanalytical, the inclusion of the feed into this model is
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Fig. 21. (a) Visual representation of the PPW derivation steps: (G) Geom-
etry cross section: 1) applying the PMC formulation equivalence theorem;
2) applying the image theorem with respect to the PMC plane; and 3) applying
the image theorem with respect to PPW walls. (b) Coordinate system used.

done by first building a full-wave simulation of the PPW feed
itself. In the case of the PPW LW feed from Fig. 2(left), the
model is created to be sufficiently wide in x-direction to not
truncate the feed’s current distribution and with electric bound-
aries acting as PEC PPW plates. The background medium
is set to &. to mimic the radiation into the lens medium,
approximating that the transition from the lens to the air
medium does not influence the radiation of the feed. Obtaining
the full-wave results and assuming that the field across the
height of the PPW is constant, the magnetic field along the
top of the air-gap is taken, as shown with a blue dashed line
in Fig. 2. This magnetic field is denoted with H{.(g7), where
pr = X% + ¥'9 corresponds to the position on top of the
gap. The yz cross section of the PPW feed and the following
steps of applying electromagnetic theorems are illustrated in
Fig. 21(a). First, the equivalence theorem is utilized and the
space below the top of the air-gap is filled with PMC, with the
equivalent electric current equal to J,(37) = § ﬁﬁf’vp (P7). Next,
an image theorem can be leveraged, leading to the doubling of
the equivalent electric current as noted in Step 2. Finally, after
applying the image theorem an infinite number of times with
respect to the PEC PPW plates, the final equivalent current
distribution feq = 2J: is obtained. This z-oriented current
extends infinitely in the same direction, radiating in the infinite
medium of permittivity &,. [26]

The Green’s function of an elementary infinite line electric
current oriented along the axis in which it extends, f(p"/) =
L,6(r)z, is known in closed-form [27]

(p) = "OT@IZH(S” (ko V16 - 71) (3)
where ko and { are the propagation constant and the char-
acteristic impedance of free-space, g is the location of the
observation point, g is the source location, and &, is the
relative permittivity of the medium in which the current lies.
The Hankel function of the second kind and zeroth-order is
denoted with H(()Z), and it introduces the cylindrical spreading
o into the PPW field. Using (3), the field incident on the

1]

surface of the PPW lens can be calculated as

B (5) =22 [ 7 (9) Y (ko e - ) )
where g, is the location of the point on the lens surface
[Fig. 21(b)], and Xg in/max are the spatial limits of the current
distribution along the air-gap top.

The transmitted field on top of the lens surface can be
obtained by locally approximating the lens surface as flat and
using the Fresnel TE transmission coefficient 77£(d;). The
transmitted magnetic field on the lens surface is calculated
as

1
H, () = 5TTE (B) Ei (81) 5 (8) x 2 (%)

where §,(0;) is the propagation direction of the transmitted
field. It should be noted that the field beyond the critical angle,
as dictated by the permittivity of the lens, is equal to zero.

Finally, the equivalence theorem with the PMC formulation
can be leveraged once again, together with the image theorem
applied locally, with the new equivalent electric current being
equal to

I, (B) = 20y (B1) x H, (51 (6)

where 7,(5;) is the normal to the lens surface. The electric field
radiated by the lens in the observation point grr is given with

5 k Xlmax
E; (Brr) = 2%60 / qu (B) HY (kol@rr — A1)

Xl.min

|Jac (ﬁ;) |dx; )

where X/ uin/max are the x-axis limits and |Jac(g;)| the Jacobian
of the lens surface.

B. TM Incidence

The steps for the derivation of the TM incidence are dual.
Extracting the full-wave electric field on top of the air-gap
Eﬁfvp (1), and applying the equi\:alence theorem, _)the equivalent
magnetic current is equal to M.(g7) = -9 X Efcff (0r). After
utilizing the PMC equivalence theorem formulation and image
theorem on all the PMC surfaces, the final equivalent magnetic
current is infinitely extended in z-direction M., = 2M,. Dual
to (3) .

7 (2 0Er 5 o

A (p) = EVZH? (ko V&3 — B7) ©)
where V; is the amplitude of the line voltage and can be used
to obtain the incident magnetic field on the surface of the lens

S kog, [Temer . L. ,
H; () = z?o' / Moy () Hy (ko V&6 = B1l) dx’. (9)
The transmitted electric current below the critical angle is

calculated as
51) Hi (71) 2 % 3, (B1)

Ez (ﬁl) = g_v(;—TTM(

from which the equivalent currents on the surface of the lens
can be obtained by employing the PMC equivalence theorem
and image theorem

¥, () = ~200 (3) < E (7).

Xg,min

(10)

(1)
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Finally, the expression for the magnetic field radiated by the
lens for the TM wave is given in the following form:

H, (ﬁFF)

ko [
=zé / M., (3)) Hy (koler = il) Wac (71) ldxi. (12)

Xlmin

C. Far-Field Gain of a Cylindrical Wave

Since the PPW lens, as presented in this article, does not
radiate in the free space, the equation for the gain within the
PPW environment is derived as follows. First, let us define a
far-field cylinder with the radius ppr and the azimuth angle
orp (Fig. 21(b)). A directivity Dir(¢rr) is defined as the ratio
between the radiation intensity in a certain direction, U(¢pr),
and that of an “isotropic” source, Uy. Since the power radiated
by an “isotropic” PPW antenna, assuming the field invariance
in z-direction, is equal to

) hppw /2 2r
rad = , /2/0 Uodprrdzrr = 2nUohpp,  (13)
ppWw

the far-field directivity of a cylindrical wave can be calculated

. U (¢rr)

rad

2rh

Dir (¢rr) = (14)

ppw

with the radiation intensity for the PPW antenna that has
prr instead of the standard squared distance, due to PPW’s
cylindrical spreading

\EFF (¢rr) |2p
24y

where P, is the power radiated by the antenna obtained from
the PPW far-field of the antenna as

U (¢rF) = FF (15)

Bopw [P 2pr 2
P |E;" (¢rF) "prrdorr.

rad 2 50 o
The gain of the PPW lens antenna is calculated as G(¢rr) =
NraaDir(¢pr), where 1,44 is the radiation efficiency of the
antenna obtained as the ratio between the power radiated as
given in (16) and the power radiated by the feed calculated as

(16)

Pfeed _ hppw

= 20 17
ad 20y Jo a7

2r
|EJ€£d (brr) Porrddrr.

D. Calculating Far-Field Gain From Near-Field Data

This appendix introduces the nonstandard expressions used
to calculate far-field gain from near-field data and validates
them against full-wave results.

In a typical near-field measurement setup [Fig. 17(c)], a
lens antenna is measured using a waveguide probe scanning a
plane above the lens. The far-field gain can then be extracted
from the near-field data. As previously suggested in [28], this
can be achieved by defining near-field directivity and gain and
assuming that their ratio corresponds to the far-field radiation
efficiency of the antenna. Assuming a locally plane wave in
the near-field of the lens, the near-field directivity of the lens
can be defined using the standard formula for the directivity

dnd; |S 5
Prud 24/0

DiVNF = (18)

where {j is t};e characteristic impedance of free space and
Praa = [/ ISZZ)' dS is the power radiated by the lens calculated
as the power captured by the surface of the scanning plane S'.

Using Friss’ formula, the near-field gain is calculated as

S ((4nd,\*
Gyr = — . 19
=g 1 (19)
Finally, the far-field gain of the lens antennas is calculated as
G
G = NradDir,  Nraa = .NF (20)
Dir, NF

where 1,44 is the radiation efficiency and Dir is the stan-
dard far-field directivity of the antenna, calculated from the
radiation pattern. The radiation pattern is calculated from the
near-field data using the Fourier transformation.

It should be noted that the presented formula for the radi-
ation efficiency is equivalent to radiation efficiency obtained

. . . S21Pds
using the effective area formalism, 77,44 = M'T”', where the
eff
. G,A5
effective area of the probe can be calculated as A” if=

E. Validation of the Gain Derived From Near-Field Data

To validate such a defined far-field gain using a full-wave
lens antenna model with a single port (without the probe),
IS21]* needs to be calculated. The squared amplitude of the
forward voltage gain can be calculated as the ratio between
the power received by the (fictional) probe, P;X, and the power
transmitted by the lens in the absence of the probe, P~

PTx

2 _ P
1S211" = —75-
Py

2y

Using the antenna in reception formalism to derive the expres-
sion for |S,1|%, the open-circuit voltage reaction integral can

be solved
Voelo = // (Flz “Hheg — €] - feq> ds s
S aur

where [ is the amplitude of the wanted waveguide mode
in the probe when operating in transmission and Saa- is
the cross section of the waveguide given by the waveguide
dimensions a, b and a > b. The origin of the coordinate system
adopted is at the center of the waveguide opening, with the
z-axis pointing outward as noted in Fig. 17(c), and the x-axis
oriented along the longer side of the waveguide cross section.
The electric and magnetic field radiated by the le_ps in the
absence of the probe are denoted with the & and h;. Taking
only the fundamental waveguide mode, iy = —Zrg,,Io cos %)%
and feq = Iycos =*§ are the equivalent magnetic and electric
currents on the surface of the probe operating in transmission,

where Zrg,, = \/% Assuming that the field radiated by
0

the lens is constant over the cross section of the probe opening
and closing the integral, the open-circuit voltage is equal to

(22)

2ab
VocIO = _IOT (ZTElghl,x + el,y) . (23)
Power received by the probe can be calculated as
1 V.
P = —Re{Z, “ 24
b= SRtz ] (24)
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where Z; and Z, are the input impedance of the load and the
free-space characteristic impedance. Assuming the con)jugate

. . 2P
matching between the two and expressing Re{Z;} = | 10[|)2 , the
power received by the probe is given as

|VDCIO|2

PRy =
P 16PTx

(25)

Finally, the squared amplitude of the forward voltage gain is
equal to .
[Voclol
IS21? = ——=

= . (26)
16PT*P/"

To calculate the near-field gain of the lens as given in (19),
the far-field gain of the probe is needed. This can be calculated
from the radiation pattern obtained by radiating equivalent
currents on the probe opening.

Taking the full-wave model near-field of the D = 144,
extended hemispherical lens just above the top of the lens
(d, = Ag/3), the radiation pattern is calculated. This pattern
is practically the same as the far-field taken directly from the
full-wave simulator plotted in Fig. 16(a). Additionally, far-
field gain at the central frequency is calculated and plotted
in Fig. 15(b), giving an excellent match with the full-wave
calculated gain. The results are also plotted for the truncated
full-wave model, showing similar agreement that verifies the
far-field gain calculation from the near-field data.
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