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Abstract
This study proposes an analytical formulation in complex coordinates to synthesise three‐
dimensional single‐shell dielectric lens surfaces. An exact formulation based on
geometrical optics is developed, and the synthesis problem is modelled as a non‐linear
second‐order partial differential equation of the Monge–Ampère (MA) type. An alter-
native numerical scheme based on axis‐displaced confocal quadrics is used to locally
represent the surface of dielectric lens. The advantage of this approach is to analytically
obtain the partial derivatives present in the MA equation. To validate the proposed
methodology, numerical results are obtained by an iterative algorithm that allows the
simultaneous control of the transmitted beam width and the power density amplitude in
the far‐field region. To illustrate the synthesis effectiveness, two examples of lens an-
tennas are simulated and analysed.
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1 | INTRODUCTION

In recent years, several works have proposed the use of
dielectric lenses to design antennas for microwave and milli-
metre wave applications [1–4]. In these frequency ranges,
conventional dielectric lenses can be designed to be small and
low‐weighted, increasing the set of lenses' advantages. These
antennas are quite inexpensive, have good fabrication toler-
ances, wide‐band capabilities, as well as very low dissipative
losses. In this scenario, it is expected that proper modelling of
dielectric lenses' surfaces may yield designs capable of assisting
telecommunication services demanding higher data rates at
increasingly higher frequencies.

In order to improve the performance of dielectric lenses in
attaining desired radiation patterns, many aspects have been
investigated as primary‐feed reconfigurability, new dielectric
materials (homogeneous dielectrics and metamaterials), and
modelling of lenses' surfaces [4, 5].

By using geometrical optics (GO) principles, the problem of
modelling reflectors' surfaces to obtain contoured beams in the
antenna far‐field region was successfully formulated for single
and dual reflector antennas [6–8], leading to a non‐linear partial
differential equation of the Monge–Ampère (MA) type. To
control the power and phase aperture distributions, the synthesis
of double surface lenses was formulated by employing a similar
approach [9]. A relevant work was conducted in Ref. [5], where a
non‐linear partial differential equation of the MA type was
derived in spherical coordinates to design homogeneous
dielectric lenses of arbitrary shapes. In Ref. [5], a scheme based
on finite differences was employed to numerically solve the MA
equation. Three‐dimensional dielectric lenses were successfully
designed after fine refinements attained by a physical optics (PO)
optimisation algorithm.However, in Ref. [5] its formulation does
not take advantage of the simplifications allowed by the elegant
ray‐direction representation in terms of stereographic pro-
jections [6–9].
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To simplify the mathematics involved in the MA equation
for lenses' design, this work follows the steps presented in Ref.
[9] and derives it compactly and elegantly by using complex
coordinates. The formalism employs stereographic projections
to represent the directions of incident and refracted rays
through a dielectric interface, and no geometric symmetries are
assumed. Differently from Ref. [9], an alternative methodology
is applied to the numerical solution of the MA equation: Axis
displaced confocal quadrics locally represent the dielectric
surfaces [10, 11]. This approach allows the MA equation de-
rivatives to be analytically represented, avoiding the use of
finite differences or similar methodologies. To illustrate the
effectiveness of the synthesis procedure, this study is organised
as follows. Initially, it presents a summary of the complex
coordinates' notation employed in the synthesis formulation
and the derivation of the corresponding MA equation. For the
numerical solution, a boundary condition is specified at the
rims of the incident and refracted GO beams. A strategy to
deal with reflection losses at the dielectric surface is discussed.
To validate the algorithm, two examples of GO modelled
dielectric lenses are synthesised and analysed by a GO‐PO
scheme.

2 | COMPLEX COORDINATES AND
GEOMETRY OF THE SYNTHESIS
PROBLEM

In this section, we follow the method presented in Ref. [9], and
we highlight the main expressions necessary to describe the
synthesis problem. Let P(x, y, z) denote a general point over a
unit sphere of centre O, the origin of the coordinate system
(see Figure 1). Consider P0(u, v, 0) the stereographic projection
of P from Q(0, 0, 1) at plane z = 0. The complex coordinate η
associated with the usual spherical coordinates θ and ϕ of P is
defined as

η¼ uþ jv¼ cot
θ
2

� �

expðjϕÞ ð1Þ

Furthermore, an arbitrary vector a! with rectangular
components (ax, ay, az) is represented as (ax + jay, az) [6–9].

Using this shorten notation, a unit vector bp ¼ OP
�!

=
�
�OP
�!��

pointing in the direction (θ, ϕ) can be written using the
complex coordinate η and its modulus |η| as

bpðηÞ ¼
2η

jηj2 þ 1
;
jηj2 − 1
jηj2 þ 1

 !

ð2Þ

Figure 2 illustrates an incident ray from a source point O
(origin of the coordinate system) that is refracted at a point R
over a dielectric interface. The directions of the incident and
refracted rays are represented by the complex coordinates η
and ζ, respectively. The corresponding unit vectors in the
incident and refracted directions are bpðηÞ and btðζÞ, respec-
tively. Both mediums are homogeneous, and their refraction
indices are N > 1 (for the incidence region) and one (refraction
region) in which case one should care for critical angles (i.e.
total reflection).

To apply GO principles for the synthesis of the lens sur-
face, a real function

LðηÞ ¼ ln
rðηÞ

1þ jηj2

 !

ð3Þ

is conveniently defined to represent the dielectric surface r(η)
[9]. Afterwards, the application of Snell’s Law of refraction
yields the derivative of L(η) with respect to η as [9]:

Lη ¼
2 ζ − η
� �

þ ηð1 − NÞ 1þ jζj2
� �

2jζ − ηj2 þ ð1 − NÞ 1þ jηj2
� �

1þ jζj2
� � ð4Þ

F I GURE 1 Stereographic projection of a point P on the plane xy. F I GURE 2 Geometry of the synthesis problem.
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where η and ζ represent the complex conjugates of η and ζ,
respectively. Consequently, jηj2 ¼ ηη and jζj2 ¼ ζζ. Equa-
tion (4) also provides the relation between the incident and the
refracted ray directions from which one can derive a mapping
function between η and ζ, [9]:

The mapping is not arbitrary and must satisfy an integra-
bility condition [6–9], which demands the second derivative
Lηη to be real and will be explicitly derived as follows. Equa-
tion (5) can be rewritten as

Lη ¼ ∂S=∂η¼ Sηðη; ζÞ ð6Þ

where

Sðη; ζÞ ¼ −ln½Eðη; ζÞ� ð7Þ

is a real valued function with

Eðη; ζÞ ¼ ðN − 1Þ 1þ jηj2
� �

1þ jζj2
� �

þ 2jζ − ηj2 ð8Þ

In Equation (7), E > 0 because N > 1. One can then obtain
the second‐order derivatives of S as:

Sηζ ¼ −2ð1þNÞ ζ − η
� �2

=E2; ð9aÞ

Sηζ ¼ −2ð1 − NÞ 1þ ζηð Þ
2
=E2 ð9bÞ

Sηη ¼ S2η ¼ L
2
η; ð9cÞ

Sηη ¼ 1 −N2� �
1þ jζj2
� �2

=E2: ð9dÞ

Applying the chain rule to Equation (6), one can show that

Lηη − Sηη ¼ Sηζ ζη þ Sηζ ζη: ð10Þ

Finally, the integrability condition is imposed by forcing

Sηζ ζη þ Sηζ ζη ¼ ð1þ NÞ ζ − η
� �2ζη þ ð1 −NÞ 1þ ζηð Þ

2ζη

ð11Þ

to be real valued function, since the left hand side of Equa-
tion (11) is real by definition.

3 | ENERGY CONSERVATION: MONGE‐
AMPÈRE EQUATION

Let I(η) and G(ζ) represent the power densities per solid angle
emanating from the source point O and at the lens far‐field
region, respectively. Comparing the elementary areas sub-

tended for cone rays over a unity sphere with centre O and
assuming that all incident power is transmitted through the
dielectric interface, it can be shown that [6–9].

IðηÞ
GðζÞ

¼
1þ jηj2

1þ jζj2

 !2
�
�
�
�ζη
�
�2 −

�
�ζη
�
�2
�
� ð12Þ

where
�
�ζη
�
�2 −

�
�ζη
�
�2 is the Jacobian of the mapping function

Equation (5). The partial derivatives ζη and ζη are attained by
manipulating Equations (7)–(12) to obtain the following sys-
tem of equations:

Lηη − Sηη Lηη − Sηη
Lηη − Sηη Lηη − Sηη

� �

¼
p q
q p

� �
ζη ζη

ζη ζη

� �

ð13Þ

where p = Sηζ and q¼ Sηζ. From the determinants of both
sides of Equation (13) one has

�
�Lηη − Sηη

�
�2 − Lηη − Sηη

� �2
¼ jpj2 − jqj2
� � �

�ζη
�
�2 −

�
�ζη
�
�2

� �
:

ð14Þ

The substitution of the energy conservation Equations (12)
into (14) leads to the desired MA differential equation:

�
�
�Lηη − L2η

�
�
�
2

− Lηη − Bðη; ζÞ
� �2

¼�Hðη; ζÞ ð15Þ

where

Bðη; ζÞ ¼ Sηη ¼
1 −N2� �

1þ jζj2
� �2

ðN − 1Þ 1þ jηj2
� �

1þ jζj2
� �

þ 2jζ − ηj2
� �2

ð16Þ

Hðη; ζÞ ¼ V ðη; ζÞ
IðηÞ
GðζÞ

1þ jζj2

1þ jηj2

 !2

ð17Þ

ζ ¼
ð1þNÞηLη þ ð1 −NÞηLη þ 1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 1 −N2� ��
�ηþ 1þ jηj2

� �
Lη
�
�2

q

ð1þ NÞLη − ð1 −NÞη 1þ ηLη
� � ð5Þ
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V ðη; ζÞ ¼ jpj2 − jqj2

¼
4 ð1þ NÞ2

�
�ζ − η

�
�4 − ð1 − NÞ2

�
�1þ ηζ

�
�4

h i

ðN − 1Þ 1þ jηj2
� �

1þ jζj2
� �

þ 2jζ − ηj2
� �4

ð18Þ

and Sηη = (Sη)
2 = (Lη)

2. One can show that V < 0 and,
consequently, the MA equation is of the elliptic (hyperbolic)
type for the + (−) sign in Equation (15). It is important to
highlight that the surface represented by L(η) describes a
dielectric lens of arbitrary shapes, without any kind of sym-
metry. Moreover, Equation (15) does not consider reflection
losses at the dielectric interface. Although some initial steps are
similar to those of [9], the present MA equation is different
from that of [9]. There, the authors shape a dual surface lens to
control the power distribution in an aperture placed in front of
the lens, while here a single surface (interface) is used to
control the radiated power.

4 | BOUNDARY CONDITIONS

The MA Equation (15) is to be solved as a boundary value
problem. For that, it is assumed that the source point O radiates
a conical tube of rays with semi‐angle θc with respect to the
negative z‐direction, as illustrated in Figure 3. The conical tube
of rays and the far‐field coverage area are placed in the z‐negative
semi space to avoid singularities of the complex coordinates at
the positive z‐axis. The boundary condition enforces the inci-
dent rays at the cone θc (i.e. cross section rim) to map, after
refraction, into points at the given far‐field contour Ω. In the
present work, such contour is defined as a superellipse, described
by Ref. [12]:

ρ ζ; ζ
� �

¼

�
�
�
�cot

αx
2

� � ζ þ ζ
2

� ��
�
�
�

2σ

þ

�
�
�
�cot

αy
2

� � ζ − ζ
2

� ��
�
�
�

2σ

ð19Þ

where αx and αy are the far‐field beamwidths in the xz‐ and yz‐
planes, respectively. For σ = 1, the contour Ω becomes an el-
lipse and for σ→∞, Ω tends to a rectangle.

5 | NUMERICAL SOLUTION

It is well established that MA equations can be numerically
solved as boundary value problems by linearising these equa-
tions and stablishing an initial approximation (Newton's
method). To apply this technique, Equation (15) is rewritten in
the following operator form:

ΓðLÞ ¼
�
�
�Lηη − L2η

�
�
�
2

− Lηη − Bðη; ζÞ
� �2

�Hðη; ζÞ ¼ 0 ð20Þ

For its numerical solution, an alternative methodology is
employed, which uses axis displaced confocal quadrics to
locally represent the dielectric surface. Consequently, the de-
rivatives of the MA equation can be analytically represented.
Such approach was successfully used to synthesise single and
offset reflectors [10, 11].

Once the displaced confocal quadrics are represented by
closed analytical forms in complex coordinates, their de-
rivatives are easily obtained [10]. Under this approach, Lη is
known and substituting it into Equation (5), the mapping
function η→ζ can be obtained analytically. Furthermore, it is
important to highlight that the term

�
�Lηη – L2η

�
� in Equa-

tions (15) and (20) becomes zero for quadric surfaces [10],
yielding an important simplification of the MA operator Γ(L):

ΓðLÞ ¼ Lηη − Bðη; ζÞ
� �2 ∓Hðη; ζÞ ¼ 0 ð21Þ

For domain discretisation, a polar grid with J rings and K
radials was adopted. So, Equation (21) can be rewritten for
discrete points (j,k) mapped inside the far‐field cross section
limited by Ω as

Γ Lj;k
� �

¼ Lηη aj;k; bj;k; cj;k; dj;k; ηj;k
� �

− B ηj;k; ζj;k
� �h i2

∓H ηj;k; ζj;k
� �

¼ 0

ð22Þ

where aj,k, bj,k, cj,k, dj,k are the coefficients that define the
confocal quadrics with a centre point indexed at (j,k) [10, 11].
For contour points (j = J) at Ω, the operator is defined to
satisfy the boundary condition Equation (20) as

Γ LJ;k
� �

¼ 1 −
�
�
�
�cot

αx
2

� � ζJ ;k þ ζJ ;k
2

 !�
�
�
�

2σ

−
�
�
�
�cot

αy
2

� � ζJ;k − ζJ ;k
2

 !�
�
�
�

2σ ð23Þ

F I GURE 3 Geometry of the dielectric lens antenna as a boundary
value problem.
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Then, using an iterative procedure, the initial solution
converges to the desired surface that is now represented by a
set of confocal quadrics locally describing the desired lens
surface.

6 | REFLECTION LOSSES

The previous formulation does not consider reflection losses at
the dielectric interface. By applying the GO‐PO approximation
described in Ref. [5] for the analysis of the synthesised surface,
it is possible to evaluate the power density radiated by the lens
considering reflections at the interface and leading to the
following distribution:

GSðζÞ ¼ t12ðθ;ϕÞ GðζÞ ð24Þ

where

t12ðη; ζÞ ¼
1
N

A2
⊥T

2
⊥ þ A

2
==T

2
==

� � cos θt
cos θi

ð25Þ

and T⊥,T// are the Fresnel reflection coefficients for a plane
wave impinging on the inner surface of the lens with
perpendicular and parallel polarisations, respectively:

T⊥ ¼
2NðN − cos ΦÞ

N2 − 1
;T== ¼ T⊥ sec Φ ð26Þ

where

cos Φ¼
2 ηζ þ ηζ
� �

þ jηj2 − 1
� �

jζj2 − 1
� �

jηj2 þ 1
� �

jζj2 þ 1
� � ð27Þ

and

cos θt
cos θi

¼
N cos Φ − 1
N − cos Φ

ð28Þ

In Eq. (25), functions A⊥ and A// depend on the incident
field polarisation be1 and, in this work, it is assumed that
be1 ¼ cos ϕ' bθ' − sin ϕ' bϕ', leading to [5]:

A⊥ ¼
−j ζ − η
� �

1þ ζη
� �

þ jðζ − ηÞ þ 1þ ζη
� �

2jζ − ηj
�
�1þ ζη

�
�

ð29Þ

A== ¼ −
ζ − η
� �

1þ ζη
� �

þ ðζ − ηÞ þ 1þ ζη
� �

2jζ − ηj
�
�1þ ζη

�
�

ð30Þ

F I GURE 4 Synthesis algorithm.
F I GURE 5 Transmitted ray's direction from the synthesised surface in
complex plane ζ.
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in complex coordinates, where (A⊥)
2 + (A//)

2 = 1.
Function t12(η,ζ) can be used to correct the synthesis

specification to achieve the desired far‐field power distribution
by compensating reflection losses. Using the calculated surface
as an initial solution and the distribution we obtained the
following equation

G0ðζÞ ¼Go
GðζÞ
t12ðη; ζÞ

ð31Þ

As the new radiated power specification, the solution of the
MA equation is again performed, with constant Go being a
normalisation factor to ensure power conservation.

7 | ALGORITHM

Under design specifications, an initial solution is approximated
by a set of displaced confocal quadrics over a grid of points.
Then, the mapping function ζ(η) given by Equation (5) is
analytically evaluated and, if no critical angles occur, the iter-
ation proceeds; otherwise, the algorithm diverges. The iteration
proceeds by calculating the reflection losses at the dielectric
interface and correcting the desired power density in the far‐
field region using Equation (31). So, the operator Γ(L) and
the Jacobian matrix of Γ(L) are computed, and a new solution
is found by the Newton Method. This new solution is
approximated by another set of displaced confocal quadrics

F I GURE 6 3D shape of the synthesised
elliptical lens.

F I GURE 7 Plane cuts of the synthesised
elliptical lens.
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that is evaluated analytically. The algorithm iterates until the
maximum residues of Γ(L) is below a specified value. The
block diagram of this algorithm is shown in Figure 4.

8 | DESIGN EXAMPLES

To illustrate the effectiveness of the synthesis algorithm in
controlling the lens radiated power, we show two design ex-
amples chosen to illustrate the formulation's effectiveness. The
first case shows the synthesis of an elliptical beam with a
Gaussian radiation pattern that collimates the beam in one plane.

The second case shows the synthesis of a uniform illumination
of a region with a super‐elliptical contour, demanding a strong
shape on the edge of the lens. For both cases, the antenna lenses
operate at 30 GHz, and the thickness along the z‐axis is 10 cm
(10λ0), large enough to apply GO principles. The dielectric lens
has a refractive index of N = 1.6, corresponding to the elec-
tromagnetic relative constants ε = 2.56 andμ= 1. A point source
at the originwith an analytical raised‐cosine feedmodel (I(θ )= I0
cosn(θ )) illuminates the dielectric interface, with the feed cone
semi‐angle θc = 60°. The feed model exponential is n = 2.8,
yielding −8.5 dB attenuation at θc and approximates the radia-
tion pattern provided by a 90° corrugated feed described in
Ref. [13] that will be used in the full wave analysis conducted
by a CST Studio Suite. To initialise the numerical iterative
scheme for the solution of the MA equation, the formulation
presented in Ref. [14] was employed to generate a circularly
symmetric lens with thickness ZA = 10 cm and designed to
radiate a Gaussian beam within a conical region with semi‐angle
α = 56° and −10 dB attenuation at the edge of the coverage
region. To validate the synthesis, the lens radiation pattern was
computed by a hybrid technique combining GO and PO ap-
proximations, as described in Ref. [5]. For the analysis, a
continuous analytical representation of the lens interface was
obtained by using pseudo‐splines to interpolate the synthesised
surfaces' points [15].

8.1 | Case A—Elliptical beam

Case A shows the synthesis of a lens shaped to generate an
elliptical beam with the main axis coinciding with the x‐ and
y–axis with widths αx = 30° and αy = 45°, respectively. The
specified radiation pattern G(ζ) is a Gaussian distribution
with edge attenuation of −6 dB at the border of the elliptical
coverage region and a maximum gain of 12.59 dBi at bore-
sight. For the synthesis, a non‐uniform polar grid in θ, with

F I GURE 9 Contour radiation pattern from CST analysis at 30 GHz.
F I GURE 8 Contour radiation pattern from GO‐PO analysis:
(a) 30 GHz and (b) 120 GHz.
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J = 10 rings and K = 54 equally spaced radials, was employed
with θj = θc ( j/J )m and m = 0.7 to concentrate the rings at
the edge for better surface description in that region and to
ensure convergence of the iterative sequence. Figure 5 shows
the grid of ray directions emerging from the synthesised
points over the lens surface within the cone of rays defined
by θc. Figure 6 shows the 3D shape of the lens where a
cylinder describes the dielectric interface outside the cone θc.
The ellipsoidal shape of the synthesised lens is illustrated in
Figure 7, which shows plane cuts of the interface at
orthogonal planes xz and yz.

Figure 8a shows the contour plot radiation pattern given by
the GO‐PO analysis at 30 GHz, where the feed analytical
model illuminates the lens. The dashed line describes the far‐
field boundary imposed in the GO synthesis. Although some
oscillation is observed in the central area of the coverage due
to diffraction effects not include in the synthesis, below −3 dB
the lines follow the desired elliptical shape. To illustrate the
numerical convergence of the numerical scheme, Figure 8b
shows the GO‐PO radiation pattern at 120 GHz, where it is
possible to observe the reduction of the oscillations in the
main beam and the contour lines acquiring an elliptical shape.

Figure 9 shows the contour plot radiation pattern given by
the CST full‐wave analysis at 30 GHz, where the 90° corru-
gated horn illuminates the lens with horn's aperture centre at
the origin of the coordinate system [13]. Compared with the
results given by the PO‐GO analysis in Figure 8a, oscillations
increase as some diffractive effects are considered in the full‐
wave analysis.

Figure 10a,b show the field distribution inside and outside
the dielectric lens at planes x = 0 and y = 0, respectively, where
one observes that the radiated beam is narrower at x = 0.

8.2 | Case B—Lozenge shaped beam

Case B shows the synthesis of a lens shaped to approximately
generate a lozenge coverage described by Equation (24) with
σ = 0.7 and beam widths αx = αy = 30°. A uniform coverage
was specified with a gain of 12.45 dBi. For the synthesis, a non‐
uniform polar grid in θ, with J = 10 rings and K = 54 equally
spaced radials, was employed with θj = θc ( j/J )m and m = 0.92
to concentrate rings at the edge for a better description of the
lens surface in that region and ensure convergence of the
iterative scheme described in Section 7.

Figure 11 shows the grid of ray directions emerging from
the synthesised points on the lens surface, where the rings

F I GURE 1 0 Field distribution inside and outside the lens at 30 GHz:
planes (a) x = 0 and (b) y = 0.

F I GURE 1 1 Transmitted ray's direction from the synthesised surface
in complex plane ζ.
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close to the boundary acquire the lozenge shape. In the middle,
the rings move to the outer region to redistribute the energy
and provide the specified uniform coverage. Figure 12 shows
the 3D lens shape with an almost circularly symmetric geom-
etry, where small differences are observed at the boundary in
the lens plane cuts shown in Figure 13.

Figure 14a shows the contour plot radiation pattern given
by the GO‐PO analysis at 30 GHz, together with the boundary
of the coverage area described by the dashed line. To illustrate
the numerical convergence of the numerical scheme,
Figure 14b shows the GO‐PO radiation pattern at 120 GHz
where it is possible to observe the reduction of the oscillations
in the main beam and the contour lines acquiring the desired
lozenge shape.

Figure 15 shows the contour plot radiation pattern given by
the CST full analysis at 30 GHz, with the 90° corrugated horn
illuminating the lens [13].

Figure 16 shows the CST field distribution inside and
outside the dielectric lens at plane x = 0, from where one
observes the radiated beam collimation at 30 GHz, as
expected.

9 | CONCLUSIONS

An alternative formulation for the GO synthesis of homoge-
neous 3D dielectric lens antennas of arbitrary shapes has
been presented. It was obtained by imposing GO principles,

F I GURE 1 2 3D shape of the synthesised
lozenge lens.

F I GURE 1 3 Plane cuts of the synthesised
lozenge lens.

de ASSIS ET AL. - 555

 17518733, 2023, 7, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/m

ia2.12365 by C
A

PE
S, W

iley O
nline L

ibrary on [14/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



conservation of energy and Snell's law to the refracted rays at
the lens' dielectric interface. Simplification in the formulation
was achieved by employing complex coordinates to represent
the ray directions. It leads to a non‐linear second‐order partial
differential equation of the MA type that was numerically
solved as a boundary value problem. For the task, it was
employed as an iterative scheme associated with the use of
confocal quadrics to locally represent the lens' interface. Two
examples were computed for different boundary coverages and
power distributions. The performance of the designs was
verified by GO‐PO asymptotic analyses and by full‐wave an-
alyses performed by CST.
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