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Abstract

A systematic design methodology for transformation-optics-derived two-dimensional graded-index dielectric
structures at millimeter-wave frequencies is presented using a modal-domain formulation. Instead of prescribing
a bulk spatial permittivity distribution, the proposed approach specifies the local propagation velocity of the
fundamental guided TE, slab mode, yielding an equivalent spatial distribution of modal effective refractive index.
The Maxwell’s fish-eye profile derived from transformation optics is mapped onto a layered dielectric configuration
composed of mirror-symmetric two-material stacks selected from a precomputed lookup library. The approach
explicitly considers fabrication-compatible layered realizations based on available dielectric materials and planar
multilayer manufacturing constraints, ensuring compatibility with low-loss dielectric waveguide structures. An
eight-port dielectric waveguide crossing operating at 77 GHz is used as a representative design example. Full-wave
simulations indicate efficient transmission of the fundamental mode over the operating band, low crosstalk levels,
and negligible higher-order mode conversion. The influence of dielectric loss and geometric design parameters is
also investigated, confirming robust behavior under realistic material conditions. Compared with the preliminary
conference contribution, this work introduces the modal-domain formulation, the layered dielectric synthesis strategy,
and an extended performance analysis for multiport configurations. The presented framework provides a systematic
approach for fabrication-compatible layered realizations of transformation-optics-derived guided-wave devices and
supports scalable dielectric waveguide interconnects for 77 GHz automotive radar systems.
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1. Introduction

Millimeter-wave systems operating in the 77 GHz band are
widely deployed in automotive radar and high-resolution short-
range sensing, where compact front-ends and dense antenna ar-
rays support beamforming and multi-channel operation [1]- [2].
As antenna counts increase and array apertures become elec-
trically larger, guided-wave interconnects between transceiver
modules and radiating elements becomes a critical design con-
sideration. In particular, interconnect attenuation, phase imbal-
ance, and undesired electromagnetic interactions can degrade
radar sensitivity and angular resolution, motivating compact

and scalable routing solutions for millimeter-wave front-ends.
High-density guided-wave routing also arises in passive ar-
ray architectures such as retro-reflective Van Atta configura-
tions [3]- [4], where multiple signal paths must be routed while
maintaining well-controlled phase relationships. At 77 GHz,
the realization of such interconnect networks becomes increas-
ingly challenging due to dielectric and radiation losses, as well
as tight fabrication tolerance in compact layouts, particularly
when multiple crossings or dense routing regions are required.

In this context, fully dielectric multilayer realizations repre-
sent a promising approach for passive millimeter-wave compo-
nents. Rectangular dielectric waveguides (RDWGs) and related
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guiding structures have demonstrated low-loss transmission in
the 60-100 GHz range [5], providing a pathway toward com-
pact guided-wave routing without relying on metallic intercon-
nect structures. Layered dielectric configurations further enable
permittivity-engineered designs within manufacturable multi-
layer stacks and support the realization of complex guided-wave
geometries at millimeter-wave frequencies.

Waveguide crossings based on graded-index concepts have
been extensively investigated in the optical domain, where fully
dielectric implementations are enabled by high-index-contrast
materials and fine subwavelength patterning techniques [6]-
[7]. In particular, Maxwell’s fish-eye (MFE) profiles [8], in-
terpreted within the framework of transformation optics (TO),
have been employed to realize compact multiport crossings with
low crosstalk in integrated photonic platforms. These studies
demonstrate the effectiveness of graded-index distributions for
guided-wave routing in dielectric media.

At millimeter-wave frequencies, however, direct translation
of such optical implementations is not straightforward. Avail-
able dielectric materials provide limited permittivity contrast
and exhibit non-negligible loss tangents, while achievable fea-
ture sizes and layer thicknesses are constrained by practical
fabrication tolerances. Subwavelength patterning approaches
commonly used at optical frequencies are therefore not well
suited for scalable multilayer manufacturing at 77 GHz. Earlier
MFE-based realizations relying on variation of total slab thick-
ness resulted in taper-like geometries susceptible to radiation
loss and increased fabrication complexity. These limitations
motivate realizations that preserve the focusing behavior of the
MEE profile while remaining compatible with manufacturable
layered dielectric waveguide structures.

Previous studies considered idealized MFE-based multiport
crossings and preliminary layered realizations based on modal-
domain concepts [9, 10]. Building on these results, the present
work combines the TO-based modal formulation with a fully
layered eight-port dielectric waveguide crossing at 77 GHz and
presents a comprehensive full-wave evaluation of transmission
characteristics, crosstalk, modal conversion, and selected geo-
metric design parameters.

To this end, a modal-domain formulation is employed for
the layered realization of a dielectric MFE-based multiport
waveguide crossing at 77 GHz. Rather than prescribing a bulk
spatial permittivity distribution, the formulation specifies the lo-
cal phase velocity experienced by the fundamental guided slab
mode, thereby defining a spatial distribution of modal effec-
tive refractive index. This target profile is approximated using
mirror-symmetric two-material dielectric layer stacks selected
from a precomputed lookup library and assigned cell-wise, re-
sulting in a geometry compatible with multilayer fabrication
and dielectric additive manufacturing.

An eight-port waveguide crossing serves as a representative
example. Full-wave simulations demonstrate low insertion loss
of the dominant guided mode, suppressed higher-order mode
excitation, stable phase symmetry between opposing ports, and
low crosstalk levels across the operating band. In addition,
a measurement-oriented configuration with parallel metallic
plates confirms that the proposed structure maintains its per-
formance under physically realizable conditions. These results
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identify MFE-based dielectric waveguide crossings as compact
and scalable guided-wave routing solutions for millimeter-wave
automotive radar front-ends and related systems.

2. Concept and Design Methodology

2.1. Maxwell’s Fish-eye Principle

The Maxwell’s fish-eye (MFE) profile, originally proposed by J.
C. Maxwell based on ray-optics considerations [8], is a dielec-
tric sphere of radius R whose refractive index varies according

to
Nmax (1)

ny(r)= ——,
1+ (7)°

where ny,x denotes the maximum refractive index at the center

and r is the radial coordinate.

A key property of this profile is its point-to-point imaging
behavior: rays launched from a boundary point follow curved
trajectories and reconverge at the diametrically opposite point
with equal optical path length. The same property also applies
in two dimensions for a circular cylindrical implementation of
(1), where r and R are interpreted with respect to the cylinder
axis.

Beyond its classical role as an imaging medium, the MFE
profile is attractive for waveguide crossings. The equal-path-
length property promotes symmetric phase transfer between op-
posing ports, while the smooth refractive-index gradient guides
energy without abrupt discontinuities that would otherwise in-
crease reflections in conventional junctions. When truncated
and integrated into a multiport interface, the MFE region there-
fore provides a natural routing mechanism between designated
input and output ports while suppressing crosstalk toward neigh-
boring ports.

2.2. Transformation Optics and Conformal Mapping
The point-to-point imaging property discussed above is sugges-
tive of the behavior required in a planar waveguide crossing.
Practical crossings, however, do not launch isolated rays but
guided modes whose transverse field distributions must be trans-
ferred from an input port to the corresponding output port. A
purely cylindrical two-dimensional MFE profile therefore can-
not be employed directly without geometric adaptation.

To obtain a geometry compatible with multiple planar ports,
the MFE profile is reshaped while preserving its optical path
properties. Following related concepts in [11], a transformation-
optics (TO) framework [12, 13] is used to map the circular
virtual domain of the ideal MFE lens onto a regular polygonal
domain suitable for port attachment.

Only a two-dimensional transformation is required here.
Since general coordinate transformations lead to anisotropic
material responses [14], attention is restricted to conformal
mappings, which preserve local angles and therefore permit an
isotropic equivalent medium. This avoids tensor-valued material
parameters and simplifies physical realization.

Let the original MFE medium reside in a virtual domain pa-
rameterized by the complex coordinate w, with refractive index
distribution n,,(w). The goal is to map this domain into a physi-
cal domain described by the complex coordinate p =x+jy € C,
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Figure 1: Illustration of the conformal mapping (3) for N = 8.

whose boundary conforms to the desired polygonal geome-
try suitable for port attachment. Under a conformal mapping
p = p(w), the transformed refractive index in the physical do-
main becomes [14]

dp(w) |
dw

This transformation preserves the optical path lengths of the
virtual medium while reshaping the domain into the required
polygonal cross-section. In this manner, the focusing behavior
of the MFE is retained, but the geometry is adapted to the
multiport configuration needed for a waveguide crossing.

Among several possible mappings, the SCHWARZ—CHRIS-
TOFFEL transformation [15] from the unit disk to the interior
of a regular polygon is selected for its simplicity and numerical
convenience. We approximate the integral

w
w=c 11
=0

t

np(p(w)) = g (W) )

2
w;—1)" N dr, 3)

::]2

Il
-

i

where, fori = {1,...,N}, w; = exp (jw2) is a prevertex and
C > 0 a scaling factor The simplicity of the formula is due
to N-fold rotational symmetry in both domains. As a further
advantage, the derivative in (2) is available in analytical form,
Viz. R
—1 1 N N

= [[Twi—w) . )

i=1

‘ dp(w)
dw

Fig. 1 illustrates the conformal mapping (3) for the case
N = 8. This mapping is used below.

2.3. Layered Slab-Waveguide Approximation of the
TO Medium

While the TO formulation yields an idealized continuous spatial
permittivity distribution, practical realization requires discretiza-
tion into manufacturable structures. In the present work, the
TO-derived target profile is implemented through a layered rep-
resentation defined by the modal effective index. The structure
is modeled as a two-material multilayer slab medium, and the
realization task is formulated as an assignment problem: for
a prescribed spatial target distribution of effective permittiv-
ity & cfr(x,y) associated with the fundamental slab-waveguide
mode, suitable layer sequences are selected subject to practical
layering constraints.
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Figure 2: Effective relative permittivity & f of all 2!° possible
multilayer stacks composed of two dielectric materials

(&L = 2.2, &y = 4.5). Each stack consists of 10 layers of
equal thickness + = 0.2 mm, evaluated at 77 GHz.

Each spatial cell is modeled as an m-layer slab stack of
uniform layer thickness ¢, resulting in a total height & = mr.
Two low-loss dielectric materials are used: a low-index material
L with relative permittivity &1 and a high-index material H
with relative permittivity & y. A stacking sequence is denoted
byse {L,H}".

For each stack configuration s, the propagation constant 3 (s)
of the fundamental guided mode is computed using a frequency-
domain vector mode solver for multilayer slab waveguides (ML-
SWG) [16]. The corresponding effective relative permittivity
experienced by the mode is defined as

2
8r,eff(s) = <Bk(05)> s ko = %7 (5

where Ay denotes the free-space wavelength. This formulation
establishes a direct and physically interpretable mapping be-
tween the stack geometry and the effective permittivity govern-
ing guided-wave propagation. The number of layers m governs
both the resolution of achievable effective-permittivity values
and the structural complexity. Increasing m enlarges the config-
uration library and improves approximation accuracy, but also
increases fabrication sensitivity. For binary material selection,
the total number of possible stacking sequences is 2. In the
present work, m = 10 layers are selected as a practical compro-
mise between effective-permittivity resolution and structural
complexity.

Fig. 2 shows the effective relative permittivity & e obtained
for all 1024 layer configurations at m = 10, assuming a layer
thickness of t = 0.2 mm, a low-permittivity material & 1, = 2.2,
and a high-permittivity material &y = 4.5 at 77 GHz. The
achievable values form an almost continuous range (=~ 1.82—
3.97), bounded by the homogeneous low- and high-index stacks,
while intermediate sequences densely populate the range. This
confirms that smoothly varying GRIN profiles can be closely
approximated using a finite library of layered stacks. In practice,
areduced subset .%;, C {L,H}" is selected to balance effective
permittivity coverage and layout simplicity. Typical selection
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Figure 3: Conceptual geometry of the layered realization of
TO-derived MFE core region. (a) Three-dimensional
perspective view. (b) Cross-section at y = 0 through the MFE
core.

criteria include limiting the number of material interfaces, en-
forcing minimum run lengths of identical layers, and favoring
mirror-symmetric stacks with respect to the slab mid-plane. For
even m, this symmetry constraint reduces the number of distinct
configurations to 2”/2 (e.g., 32 for m = 10), while preserving
nearly identical coverage of the achievable & ¢ range. Fig. 3
illustrates the conceptual geometry for the case m = 10 using
mirror-symmetric stacks selected from the reduced library. Sub-
figure (a) shows a three-dimensional perspective view of the
TO-derived MFE core region, while (b) presents a representative
cross-section at y = 0, highlighting the uniform layer thickness
t and the total height 7 = 10z.

The graded-index distribution in the transverse (x,y) plane
is sampled on a uniform square grid. For a design region of
extent d discretized by N,y X Ny, sampling points, the lateral
pitch is p = d/(Nyy, — 1). In the present design, 4 = 20 mm and
Ny = 51, yielding p = 0.4 mm, while the vertical discretiza-
tion is defined by = 0.2 mm. These dimensions lie within the
sub-millimeter feature range achievable with low-cost additive-
manufacturing techniques for dielectric millimeter-wave struc-
tures.

2.4. Discretization and Spatial Assignment of the Modal
Effective Index

The spatial assignment process operates on a precomputed li-
brary of admissible m-layer configurations, .%,, C {L,H }", ob-
tained by enforcing mirror symmetry about the slab mid-plane.
Each library entry is characterized by the propagation properties
of the fundamental slab-waveguide mode, thereby establishing
a direct correspondence between the multilayer geometry and
the modal phase velocity.

Within this framework, the continuous TO-derived in-plane
distribution is interpreted as a desired spatial variation of the
guided mode’s effective relative permittivity. For each grid
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Figure 4: Spatial distribution of the layer-stack configuration
indices at 77 GHz for the GRIN region in Fig. 3.

location (x,y), a discrete multilayer configuration is assigned
by nearest-neighbor selection in the effective dielectric constant
domain. Specifically, the optimal stack s*(x,y) is chosen as

s* (X7Y) = arg min |£r,target (xa)’) - 8r,eff(s)| , (6)
s€E%m
where & target (X, y) denotes the target value prescribed by the
continuous GRIN profile, and &’eff(s) is the effective relative
permittivity associated with stack configuration s.
The assigned value at each spatial location is then

& assigned (x»y) = Ereff (S* (XJ)) ) )
with the local deviation given by
Asr,eff(xyy) = & assigned (x,y) — & target (xa)’)- 3

This quantity provides a measure of the residual mismatch
introduced by the discretized stack assignment. Fig 4 shows the
resulting per-pixel assignment for the GRIN region using 32-
option mirror-symmetric library. The maximum target effective
relative permittivity at the center is & targer = 4.0, compared
with the achievable range of 1.82-3.97. The corresponding
absolute deviation |Ag ¢s| is shown in Fig. 5, indicating that
the discretization error remains small over most of the region
and increases mainly where the target profile exhibits stronger
spatial gradients.

3. Simulation Methodology

The electromagnetic performance of the proposed layered MFE-
based crossing is evaluated using full-wave simulations in CST
Microwave Studio. The analysis considers transmission charac-
teristics, crosstalk, and modal conversion under excitation of the
dominant RDWG mode. The following subsections describe
the simulated configuration, the selection of the structure height,
the RDWG modal basis, and the power-monitoring strategy
used for crosstalk evaluation.
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Figure 5: Absolute effective-permittivity error |Ag ff| at
77 GHz for the GRIN region of Fig. 3, computed as

lgr,assigncd — &r target | .

3.1. Simulation Configuration

An example of the simulated eight-port planar waveguide cross-
ing with attached RDWGs is shown in Fig. 6. The central
region realizes the TO-derived MFE medium using the layered
dielectric model introduced in the previous section. The sur-
rounding RDWGs provide excitation and monitoring access to
the crossing region.

The ideal MFE-based N-port crossing may be described by
a multiport, multimode scattering matrix whose desired entries
correspond to transmission between diametrically opposed ports
in the fundamental RDWG mode. All remaining entries corre-
spond to undesired modal conversion or crosstalk and ideally
vanish. A complete characterization would therefore require
evaluation of the full multimode scattering matrix.

In CST Microwave Studio, waveguide ports are restricted
to planar boundaries aligned with the Cartesian coordinate axes,
which complicates simultaneous excitation and monitoring of
all ports in polygonal crossing geometries such as Fig. 6. Ac-
cordingly, an adapted simulation strategy is employed. The
ports aligned with the Cartesian axes are modeled explicitly us-
ing CST waveguide ports, while the remaining oblique ports are
terminated using radiating endfire tips attached to the RDWGs.
These terminations provide low-reflection loads and reduce re-
flections from non-monitored ports during the simulations. For
all examples considered in this paper, the return loss of the
radiating terminations exceeds 30 dB when ¢; = 10 mm and
f> =5 mm.

The coordinate system shown in Fig. 6 is used throughout
this section: wave propagation occurs along the x-direction,
while y and z denote the transverse width and height, respec-
tively.

The corresponding symmetric layered stack used for realiza-
tion of the crossing region is illustrated in Fig. 7. The structure
consists of ten dielectric layers with mirror symmetry about the
mid-plane, enabling realization of the required effective-index
distribution while maintaining a constant total structure height.
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Figure 6: Planar MFE-based 8-port waveguide crossing
imported via per-layer DXF; 10-layer cross-section shown in
Fig. 7. &y =4.5, 61 =22,d =20 mm, a = 5 mm,
h=2.0 mm.

Layer 01
(z=0—-0.2mm)

Layer 02
(z= 0.2 —0.4mm)

Layer 03
(z= 0.4 —0.6mm)

Layer 04
(z= 0.6 — 0.8 mm)

Layer 05
(z=0.8 — 1.0mm)

Figure 7: Symmetric stack cross-section used in the
waveguide crossing of Fig. 6. Ten layers with five unique slices
mirrored about the mid-plane (1+4+10,2+4+9,3 8,47,
54+ 6). Per-layer thickness t = 0.2 mm.

3.2. Structure Height Selection

The vertical dimension of the layered dielectric structure, de-
noted by the height &, plays an important role in determining
the vertical modal behavior of the crossing region. The choice
of h involves a trade-off between field confinement and modal
purity. If 4 is too small, the desired TE( slab mode becomes
weakly confined and more sensitive to geometrical discontinu-
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ities. Conversely, increasing i lowers the cutoff frequencies of
additional slab-mode solutions, allowing additional slab modes
to propagate at the operating frequency and thereby increasing
the risk of modal conversion.

To support the selection of A, the vertical modal behavior of
the layered structure is approximated using a three-layer slab
model [17]. In the present layered realization, the transformation-
optics-derived refractive-index profile is interpreted in terms of
the effective refractive index experienced by the guided slab
mode rather than the bulk material permittivity itself. The
slab-mode analysis therefore provides the effective modal per-
mittivity required to realize the target graded-index distribution.

The analysis is performed for the worst-case permittivity
condition occurring near the center of the MFE region, where
the local material distribution may approach & = 4.5. The effec-
tive relative permittivity of the slab-mode solutions is therefore
evaluated as a function of the slab height £ at the operating
frequency of 77 GHz.

The resulting dependence is shown in Fig. 8. The three
curves correspond to the TEg, TE{, and TE; slab modes. Only
the TE family is considered here, as it corresponds to the po-
larization of the desired excitation. At the selected height
h =2 mm, TEy and TE; are supported, whereas TE; remains
below cutoff at 77 GHz. Under idealizing assumptions, the ver-
tical mirror symmetry of the structure with respect to the plane
z =0 prevents conversion between modes of opposite symmetry.
Thus, the even TE( mode does not couple to the odd TE; mode,
whereas conversion between the even TEy and TE; modes is
in principle possible and can be promoted by the variation of
the dielectric constant along the z-direction. Higher-order TE
modes have still higher cutoff frequencies and therefore do not
constrain the selected height.

In principle, local variations of the structure height could
also be used to tailor the effective refractive-index distribution.
However, such tapering or thickness modulation would intro-
duce vertical discontinuities and increase fabrication complexity,
which is undesirable for the present planar layered realization.

Based on these considerations, the structure height is se-
lected as 4 =2 mm. In addition to supporting the desired modal
behavior, this value is directly compatible with the layered real-
ization of the crossing region, consisting of m = 10 dielectric
layers with thickness t = 0.2 mm.

3.3. RDWG Excitation and Modal Basis
The RDWGs are chosen with the same height as the crossing re-
gion in order to avoid additional transitions and maintain a con-
sistent modal environment throughout the structure. The dielec-
tric material of the RDWGs corresponds to the low-permittivity
constituent used in the layered MFE realization, with &1, = 2.2.
The RDWGs are modeled as dielectric waveguides with height
h =2 mm, width a = 5 mm, and relative permittivity & = 2.2.
Selected guided modes supported by the RDWG at the
operating frequency of 77 GHz are summarized in Table 1.
The mode E7,, adopting Marcatili’s notation [18], is used as
the excitation mode at the RDWG input ports and serves as
the desired transmission mode of the crossing. The additional
guided modes listed in Table 1 are considered in order to assess
modal conversion and crosstalk. The transverse electric- and
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Figure 8: Effective relative permittivity & of the first three
TE slab modes, TEq, TE, and TE;, as a function of slab height
hfor & =4.5 at 77 GHz.

Table 1: Modal properties of the RDWG (a = 5 mm,
h =2 mm) at 77 GHz.

CST Mode Mode f.(GHz) neg Pol.
1 Ej, = 1.32  H-pol
2 E%, - 1.23  V-pol
3 E;l 19.84 1.18 H-pol
4 E3, 30.22 1.12 V-pol

magnetic-field distributions of the fundamental RDWG mode
E{, at 77 GHz are shown in Fig. 9.

3.4. Crosstalk evaluation

In an ideal MFE-based multiport waveguide crossing, power
launched into a given input port is transferred exclusively to
the diametrically opposed output port within the desired guided
mode. Any power redirected to non-intended ports or converted
into higher-order guided modes constitutes crosstalk and should
ideally be minimized.

For the eight-port configuration considered here, only the
four RDWG ports aligned with the CARTESIAN coordinate
axes are modeled explicitly in CST Microwave Studio. The
remaining oblique ports are terminated using radiating endfire
tips, as discussed in Section 3.1.

Crosstalk and modal conversion are evaluated using the
scattering parameters associated with the explicitly modeled
RDWG modes. In particular, the transmission coefficient of
the fundamental mode between opposing ports is monitored
together with scattering parameters associated with higher-order
guided modes and non-intended output channels.

Owing to the geometric symmetry of the crossing, undesired
power is expected to be distributed approximately symmetri-
cally among equivalent non-intended branches. The resulting
scattering-parameter behavior is analyzed in detail in Section 4.

4. Simulation Results and Discussion

The performance of the proposed MFE-based waveguide cross-
ing is evaluated in terms of transmission, reflection, modal
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Figure 9: Transverse field distribution of the fundamental
mode (Ef 1) supported by the RDWG with @ = 5 mm and
h =2 mm at 77 GHz. a) Electric field, b) Magnetic field.

conversion, and crosstalk. All results correspond to the layered
realization introduced in Fig. 7. The structure is excited at Port 1
using the fundamental mode of the RDWG, Ei’l, at the operating
frequency of 77 GHz, as described in Section 3. The scattering
parameters are denoted by s:fl’.", where i and j indicate output
and input ports, respectively. The index n denotes the mode of
the incoming wave at Port j, while m denotes the mode of the
outgoing wave at Port i. The modal indices correspond to those
listed in the first column of Table 1.

4.1. Field Distribution

The electric-field magnitude distribution at 77 GHz is shown in
Fig. 10. The field is predominantly guided from Port 1 toward
the diametrically opposed output port, while only negligible
field intensity is observed in the orthogonal branches. This
behavior confirms the expected focusing and routing charac-
teristics of the MFE-based design and is consistent with the
low magnitudes of the corresponding scattering parameters dis-
cussed below. The smooth field evolution through the graded-
index region further indicates that no pronounced reflections
or abrupt scattering centers are introduced by the layered dis-
cretization.

4.2. Scattering Parameters of the Nominal Structure
Figs. 11 and 12 show the transmission and reflection character-
istics of the waveguide crossing under excitation of the funda-
mental RDWG mode E7, at Port 1. The transmission coefficient
\s;} remains close to 0 dB across the operating band, indi-
cating efficient power transfer between diametrically opposed
ports. At the same time, the reflection coefficient |sH| has a
worst in-band value of approximately —19.1 dB. These results
demonstrate that the layered implementation of the MFE-based
crossing preserves the intended transmission behavior of the
idealized structure.

The guided modes supported by the RDWGs are summa-
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Figure 10: Electric-field magnitude distribution in the
waveguide crossing of Fig. 6 at 77 GHz under Ej, excitation at
Port 1.

rized in Table 1. Although several higher-order and orthogonally
polarized modes exist, their excitation under fundamental-mode
input remains negligible.

Modal conversion from the fundamental mode is described
in terms of the scattering parameters |Sg1."11 | with m # 1, as shown
in Fig. 13. In particular, Fig. 13 shows the conversion from
the fundamental E}; mode (Mode 1) to the higher-order E3,
mode (Mode 3), with a worst in-band value of approximately
—38.7 dB.

Fig. 14 shows the magnitudes of the scattering parameters
|sl.1"11| for i € {3,4} under excitation of the fundamental RDWG

mode. While |s§}| represents the intended transmission path,

the scattering parameters \s;j} and |s}‘}| quantify transmission
toward non-intended output ports. Across the operating band,
these scattering parameters remain well below the desired trans-
mission level, indicating low crosstalk between neighboring
branches. Due to the geometric symmetry of the ideal MFE-
based crossing, identical responses at Ports 3 and 4 would be
expected. The slight asymmetry observed in the simulations is
attributed to discretization effects of the layered implementation
and polygonal mask generation.

Nevertheless, both \s;} and \sij} remain below —54 dB
at 77 GHz, indicating that the observed asymmetry has no
practical impact on the overall device performance. A more
symmetric response could be obtained by enforcing additional
symmetry constraints during mask generation; however, this
was not required for the present design, as the performance
remains largely unaffected.

4.3. Effect of Permittivity Thresholding

In the TO-based design, the target permittivity distribution ap-
proaches free space (& = 1) near the outer boundary of the
polygonal domain. However, the realizable range of effective
permittivity is limited by the multilayer implementation. For
the considered m = 10 layer structure composed of &y = 4.5
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Figure 12: Magnitude of |SH| for the waveguide crossing of
Fig. 6 under Ej, excitation at Port 1.

and &1 = 2.2, the minimum achievable effective permittivity
is approximately 1.82. As a consequence, enforcing the target
distribution in regions where & tyrget — 1 introduces a system-
atic mismatch between the desired and realizable values. This
mismatch is most pronounced near the outer boundary of the
transformed domain. At the same time, the electromagnetic
field is predominantly concentrated in regions of higher effec-
tive permittivity, where stronger confinement occurs and most
of the transmitted power is carried.

Based on this observation, a threshold is introduced such
that only regions satisfying

& target (x,y) > Erth

are retained, while regions below this threshold are excluded.
This truncates boundary regions with limited influence on the
dominant propagation paths.

Fig. 15 shows the thresholded boundaries for different val-
ues of & . The geometry corresponding to & g = 1.3 matches
the reference design shown in Fig. 6 and is used as the baseline
configuration in the following. Increasing the threshold progres-
sively removes outer regions associated with lower effective
permittivity. The choice & 4 = 1.3 represents a compromise
between geometric fidelity and electromagnetic performance.
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Figure 13: Magnitudes of modal-conversion scattering
parameters for the waveguide crossing of Fig. 6 under E7,
excitation at Port 1.
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Figure 14: Magnitudes of |s;}| and |s“| for the waveguide
crossing of Fig. 6 under E7, excitation at Port 1, representing
crosstalk toward non-intended output ports.

This value is also consistent with the midpoint estimate obtained
from the corresponding local phase velocities of free space and
the minimum realizable effective permittivity (& e ~ 1.82),
which yields an equivalent transition value of approximately
& eff = 1.32. This is further confirmed by the transmission re-

sults shown in Fig. 16, where the scattering parameter |s;{| is
compared for different threshold values. Despite the noticeable
geometric differences illustrated in Fig. 15, the transmission re-
sponse remains largely unchanged across the considered thresh-
old range. This indicates that truncation of low-permittivity
boundary regions has only minor influence on the dominant
propagation path, since the electromagnetic field is concentrated
primarily within the higher-permittivity core region.
Alternative approaches, such as introducing air as an ad-
ditional material or employing tapered height variations, were
also considered. However, these approaches increase fabrica-
tion complexity and may introduce additional scattering due
to material or geometrical discontinuities. The thresholding
strategy therefore provides a simple and robust means of ap-
proximating the target distribution while preserving the planar
layered realization. These results confirm that the proposed trun-
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Figure 15: Boundaries of the thresholded layouts for a fixed
nominal diameter d = 20mm, obtained for different effective-
permittivity thresholds & .
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Figure 16: Transmission coefficient |s;i| for different
effective-permittivity thresholds & .

cation strategy provides a robust approximation of the target
distribution without requiring realization of the full transformed-
domain extent.

4.4. Influence of Structural Parameters on Loss

To assess practical applicability, dielectric losses are included
in the simulations. The material parameters are based on com-
mercially available ceramic filaments (e.g., Zetamix [19]), with
a nominal loss tangent of tan§ ~ 1 x 1073, To account for un-
certainties in material characterization and operation at higher
frequencies, an increased value of tan § = 0.002 is additionally
considered.

Fig. 17 shows the transmission coefficient |séi | for different
lens diameters and dielectric loss factors. In the lossless case,
larger diameters improve transmission performance by increas-
ing the electrical size of the crossing relative to the free-space
wavelength, thereby providing propagation conditions that more
closely approach those assumed by the underlying MFE model.
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Figure 17: Transmission magnitude |s;;| for the waveguide
crossing after Fig. 6 for different sizes and dielectric loss
factors when fed at port 1 with fundamental mode after Fig. 9.

In the presence of dielectric loss, however, larger structures
lead to longer propagation paths and consequently increased
attenuation. This illustrates the trade-off between improved
modal guidance associated with increased electrical size and the
additional dielectric attenuation introduced by longer propaga-
tion distances. The results therefore indicate that the preferred
lens diameter depends on the balance between transmission per-
formance and dielectric-loss-induced attenuation. The reference
design used throughout this work employs d = 20 mm.

4.5. Impact of a Shielding Enclosure

While the previous results were obtained under idealized free-
space conditions, a more practical configuration is now consid-
ered. In experimental implementations, mechanical support and
electromagnetic shielding are typically required to ensure stable
operation and reproducible measurements.

Accordingly, the waveguide crossing is enclosed by two
parallel metallic plates, positioned symmetrically above and
below the dielectric structure at a distance /. from its upper
and lower surfaces, respectively, as illustrated in Fig. 18. The
plates are modeled as perfect electric conductor (PEC) surfaces.
The lateral extent of the PEC plates is chosen to cover the MFE
and a short section of each connected RDWG only, excluding
the radiating tips which substitute for terminations only for pur-
poses of simulation. The separation distance /. influences the
modal behavior of the enclosed structure. If A is too large, ad-
ditional parallel-plate or higher-order modes may be supported.
Conversely, if h. becomes too small, the assumptions under-
lying the original free-space design are increasingly violated.
A parametric study of &, is presented in Figs. 19 and 20. For
the investigated values h, = 0.6, 0.7, and 0.9 mm, the results
show smooth transmission and reflection characteristics over
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Figure 19: Transmission coefficient |sé}| of the waveguide
crossing enclosed between parallel PEC plates (Fig. 18) under
Ej, excitation at Port 1, for i, € {0.6,0.7,0.9} mm.

the considered frequency range.

The presence of the PEC plates modifies the modal propaga-
tion characteristics. The dominant mode follows the same over-
all routing path as in the free-space case, but with an increased
propagation constant 3, indicating stronger field confinement
within the dielectric region. Compared with the free-space
configuration, the enclosed structure exhibits comparable, and
in some cases slightly improved, transmission performance,
while the crosstalk levels |s§i| and |S‘H| remain low. These
results confirm that the proposed layered MFE-based waveg-
uide crossing can be implemented within a practically enclosed
configuration without significant degradation of performance.

5. Conclusion

A transformation-optics-based modal-domain methodology for
realizing graded-index designs in planar layered dielectric wave-
guide structures has been presented. By expressing the design
target in terms of the effective relative permittivity of the fun-
damental guided slab mode, the approach enables direct real-
ization using manufacturable multilayer stacks composed of
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Figure 20: Reflection coefficient |sH| of the waveguide
crossing enclosed between parallel PEC plates (Fig. 18) under
E}, excitation at Port 1, for & € {0.6,0.7,0.9} mm.

two low-loss dielectric materials, without requiring a prescribed
bulk permittivity distribution.

The method was demonstrated for a Maxwell’s fish-eye mul-
tiport waveguide crossing operating in the 77 GHz automotive
radar band. A reduced library of mirror-symmetric layer stacks
provides near-continuous coverage of the required effective-
permittivity range, enabling accurate spatial discretization while
maintaining constant slab thickness. Full-wave simulations con-
firm high transmission, low reflection, low modal conversion,
and low crosstalk toward non-intended output ports. In addition,
the design exhibits robustness with respect to dielectric loss,
boundary truncation, and practical metallic enclosure condi-
tions.

The developed framework is applicable to a broader class of
guided-wave devices derived from transformation-optics con-
cepts and establishes a systematic, fabrication-compatible route
toward compact, low-loss millimeter-wave dielectric intercon-
nects and functional components for future high-frequency sys-
tems.
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