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Abstract—In this paper, we report a shape synthesis method for multi-
mode dielectric resonator antennas (DRA) using characteristic mode
theory (CMT) and a binary genetic algorithm (BGA). By including
the antenna’s characteristic modal responses (resonance frequencies and
quality factors) in the cost function, the shape synthesis process is
conducted without including excitation feeds. Through the optimization
procedure, a non-canonical dielectric body is formed from tetrahedral
elements to support the required modal properties. As a demonstration
of the proposed design approach, two three-mode MIMO DRAs are
synthesized from both a rectangular and a cylindrical volume to operate
at 2.45 GHz. The synthesized MIMO DRA’s complex shape (based
on rectangle) is then fabricated using Nanoparticle jetted zirconia. A
combination of probe and slot feeds are employed to excite the desired
modes. Due to the orthogonality of the characteristic modes and the
careful design of the feeding network, isolation > 20 dB is achieved
between all ports.

Index Terms—Additive manufacturing, characteristic modes, dielectric
resonator antenna, MIMO, shape synthesis.

I. INTRODUCTION

IELECTRIC resonator antennas (DRAs) have drawn significant
D attention from researchers and engineers worldwide since their
initial investigation by Long [1]. DRAs exhibit high radiation effi-
ciency due to lack of conductive loss, and the DRA remains highly
efficient even at millimeter wave frequency range [2] compared to
conductive antennas, such as the microstrip patch. DRAs also feature
compact size due to their high dielectric constant. In addition, one
of the most appealing features of the DRA is the design freedom
available with a 3-dimensional resonator made from a selectable
permittivity.

Owing to this flexibility, DRA designs have been reported in
literature covering various applications, such as broadband designs
[3], [4], multi-port applications [5], [6], beamforming arrays [7],
[8], and millimeter wave applications [9], [10]. However, most DRA
designs are based on canonical shapes, such as rectangular, cylin-
drical and spherical geometries [6], [11], [12], for which analytical
design formulas and conventional manufacturing techniques are most
suitable. While designs based on canonical geometries are simple and
straightforward, they limit design and research possibilities. Given the
recent advancements in additive manufacturing of high permittivity
materials [13]-[17], it has become feasible to explore more complex
3D DRA designs.

Indeed, several researchers have explored DRA designs using non-
canonical geometries [18]-[20]. In [18], a broadband DRA with a
simple stepped-radial distribution having four permittivity values is
printed using an additive manufacturing process. However, details
on the design approach are not given, though it appears that the
four steps were selected through a brief optimization. More complex
optimizations and structures have also been considered. In [19], a
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broadband DRA is optimized by division into a 2D array of pillars
with various heights that are subject to optimization with a genetic
algorithm (GA) and later machined to height. However, only varying
heights of 64 dielectric bars are considered, limiting the range of
valid structures. Finally, in the approach most similar to this work,
[20] conducts synthesis of two-port DRA based on characteristic
modes. The authors discretize the DRA into a coarse grid of cubes
and perform a GA optimization while placing some constraints on
the modal patterns and feed locations.

In this work, we employ a novel method for DRA non-canonical
synthesis derived from our work on microstrip antenna shape-first,
feed-next synthesis [21], [22]. The method optimizes the fundamental
properties of the characteristic modes of the structure using a binary
genetic algorithm. We assess the fundamental properties of each char-
acteristic mode including their resonant frequencies and Q factors and
use these to guide the optimization, followed by a feed design step to
independently excite these modes. We use a volume integral equation
(VIE) approach with tetrahedral discretization, and the optimization
degrees of freedom coincide with these tetrahedra to resolve complex
geometries with fine geometric features, both internal and external.
For example, our demonstration cases use more than 10 times the
number of degrees of freedom used in [20]. Finally, a state-of-the-art
ceramic printing process is used to realize these fine features.

Section II presents the background and optimization framework
for the proposed synthesis process. In Section III, the process
is used to synthesize two three-port MIMO DRAs composed of
zirconia. Finally, Section IV describes the feed design, fabrication,
and measured characteristics of the device.

II. SHAPE SYNTHESIS OF MIMO DRAS

Characteristic mode theory (CMT) provides a systematic and
efficient method for analyzing the behavior of complex antenna
structures [23]. By decomposing the antenna into its characteristic
modes, a design can assess and tune the properties of the dominant
modes. This enables systematic optimization techniques that relate
changes in the antenna geometry with changes in the underlying
eigenmodes in a more direct way than when observing the aggregate
modal response. Moreover, CMT optimization can be conducted
without prior knowledge of a feed arrangement [22], [24]. The
utility of CMT for metallic antenna synthesis has been reported in
various works [21], [22], [24]-[26]. However, its application to DRA
synthesis has been limited. Here we investigate the application of
CMT to DRA synthesis using a shape-conformal discretization and
physical parameter driven optimization framework, and demonstrate
its application to the design of non-canonical MIMO DRAs.

A. VIE-based Characteristic Mode Analysis

To decompose the antenna into its characteristic current modes, we
solve the following eigenvalue equation [23]:

XJn = MRy, M

where X and R are the imaginary and real parts of the method
of moments (MoM) Z matrix, and A, and J, are the eigenvalue
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Fig. 1: The MIMO DRA synthesis process based on the VIE-based CMA and
binary genetic algorithm.

and eigencurrent of the n—th mode. The MoM Z matrix can be
based on the surface integral equation (SIE) or volume integral
equation (VIE). As pointed out in [27], the VIE, though more
computationally expensive than the SIE, avoids the emergence of non-
physical modes in the characteristic mode analysis of finite dielectric
bodies. Furthermore, the equivalent polarization currents calculated
from the VIE can be directly used to calculate Q factors following the
source formulation as demonstrated in [28], [29], whereas it’s unclear
if the equivalent surface currents in SIE can be used to accurately
calculate the antenna stored energy and Q factor. Moroever, the VIE
based on tetrahedral discretization allows natural synthesis of internal
fine features, whereas the SIE based on surface discretization has
very small efficiency advantage when the object has a large surface
area relative to its volume, as expected with a complex internal
geometry. We therefore employ the VIE for our CM analysis and
shape synthesis.

The VIE MoM formulation is numerically implemented in our in-
house Matlab CMA solver with 64-point Gaussian quadrature for the
integral evaluation, and its accuracy has been validated in some of
our earlier work [28], [29]. The same code is used for the numerical
study in this work.

B. Synthesis Process and Cost Function

The synthesis process used here is adopted from the shape-
first, feed-next antenna design method for planar metallic antennas
introduced in [22]. The detailed workflow of the optimization process
is illustrated in Figure 1. Here we use the tetrahedral discretization
of the dielectric structure as a basis for the fine features of the
design. Assigning a binary “gene” to each tetrahedra to represents
its assignment as air or the selected dielectric medium, we employ a
genetic algorithm to iteratively evaluate and evolve through thousands
of antenna designs. Because the tetrahedra represent a fixed basis, the
matrix fill step needs to be computed only once [22] and we are able
to efficiently evaluate new combinations.

For the MIMO DRA synthesis problem studied here, the goal is
to search for an antenna geometry with multiple modes resonating
at the same frequency with the lowest possible Q factors (i.e., for
maximum bandwidth). As shown in [28], [29], characteristic modal
Q factors Q,, for each DRA can be calculated from their characteristic
modal current distribution. While minimizing the Q factor maximizes
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Fig. 2: (a) The complete rectangular DRA super geometry (super), (b) the
optimized rectangular DRA geometry (GA), (c) the modal significance before

(dashed lines) and after (solid lines) shape synthesis. (relative permittivity is
23)

the potential bandwidth of the mode, we also seek modes that are
near resonance, which makes them easier to excite in isolation, so
we also compute the characteristic modal significance (MS) of each
mode defined by MS, = m The MS reaches a maximum of 1 at
self resonance (A, = 0). Finally, it is assumed that the antenna must
conform to a pre-defined volumetric superstructure that contains all
of the possible tetrahedra. To facilitate the development of a compact
MIMO DRA, the cost function for the shape synthesis procedure is
defined from characteristic modal parameters as:

N

cost = Z Cn + w2V, 2)
n=1

where C,, =w1(1 — MS,) 4+ Qn represents the cost contributed by

the n—th mode. V is the volume of the studied geometry normalized

to that of the superstructure. Minimizing this term removes unnec-

essary material, reducing size and weight. Weighting coefficients w,

and wo are selected depending on the problem.

III. SHAPE SYNTHESIS OF THREE-PORT MIMO DRAS

As demonstration of the flexibility of the proposed synthesis
process for MIMO DRAs, two MIMO DRAs are synthesized within a
rectangular and a cylindrical volume at 2.45 GHz. Both optimized to
support three decoupled ports at the design frequency. To experimen-
tally verify the design approach, the synthesized rectangular DRA is
prototyped and experimentally characterized.

A. DRA Synthesis on A Rectangular Block

The first shape synthesis example is based on a rectangular super-
structure DRA with a dimension of 40 x 25 x 16mm?, as shown in
Fig. 2 (a). The optimization is targeted at finding a 3-mode DRA
operating at 2.45 GHz. The material assumed for this DRA design is



Fig. 3: The characteristic modal polarization currents of the synthesized
rectangular DRA at 2.45 GHz: (a) mode 1; (b) mode 2; and (c) mode 3.

zirconia, with a dielectric constant of ¢, = 23, and a loss tangent of
tand = 0.0015 [16]. The entire DRA is placed above an infinite
ground plane which facilitates antenna excitation after the shape
synthesis.

It is important to note that the modal resonant frequencies of
any sub-structure DRA will always be greater than or equal to the
corresponding mode of the super-structure [29]. In other words, since
three modes are desired at 2.45 GHz in this case, the superstructure
dimensions must be selected so that at least three modes of the entire
dielectric body are resonant at a frequency below 2.45 GHz. Any
shape changes that reduce the volume of the dielectric body can only
raise the modal resonant frequencies. The rectangular DRA shown in
Fig. 2(a) has modal resonance frequencies of 2.03 GHz, 1.56 GHz
and 1.75 GHz. Since these are all below the design frequency of 2.45
GHz, we anticipate that the DRA shape synthesis procedure can shift
each mode to the design frequency.

To synthesize the DRA that meets these requirements, the rect-
angular DRA is discretized into 720 tetrahedra with two plane
symmetries enforced along the length and width direction. A total
of 300 generations are searched, with a population of 40 antennas
for each generation and a mutation rate of 0.15. The cost function in
(2) with N = 3, w; = 200 and w2 = 20 is applied to each generation
to select the best fit designs. Figure 2(b) shows the final synthesized
DRA geometry and Figure 2(c) compares the characteristic modal
significance before and after shape synthesis. As shown in the solid
lines in Figure 2(c), the first three characteristic modes of the
synthesized DRA are all resonant around the design frequency 2.45
GHz, whereas the modes of the complete rectangular DRA (dashed
lines) are originally resonant at lower frequencies (2.03 GHz, 1.56
GHz and 1.75 GHz). Table I compares the modal significances (MS)
and Q factors for the first three modes before and after resonance at
2.45 GHz. Noticeably, all the MS values are now close to 1, which
indicates self resonance, and the modal Q factors have been reduced
for all the three modes, indicating a wider fractional bandwidth after
the shape synthesis. The characteristic modal polarization currents
of the first three modes on the synthesized DRA is given in Figure
3. Due to the presence of the ground plane, the first modal current
is similar to a monopole, and the 2nd and 3rd modes are similar
to half vertical loops over ground in two orthogonal directions. The
modal current distribution will facilitate feeding scheme designs as

TABLE I: Comparison of Modal Significances and Modal Q Factors of the
rectangular DRA Before and After Shape Sythesis at 2.45 GHz

Modes MS (Before) | MS (After) | Q (Before) | Q (After)
Mode 1 0.02 0.94 429 2.98
Mode 2 0.18 0.99 18.8 9.20
Mode 3 0.20 0.95 16.3 12.7
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Fig. 4: (a) The complete cylindrical DRA super geometry (super), (b) the
optimized cylindrical DRA geometry (GA), (c) the modal significance before
(dashed lines) and after (solid lines) shape synthesis. (relative permittivity is
23)

discussed later.

B. DRA Synthesis on A Cylindrical Block

The advantage of the proposed synthesis approach is that it can
synthesize optimal DRA designs for arbitrary geometric constraints.
As another demonstration, a second shape synthesis is conducted on
a cylindrical superstructure DRA with a radius of 18 mm and a height
of 18 mm, as shown in Fig. 4(a). The same zirconia material and cost
function as the previous case are adopted, and the DRA is placed
above an infinite ground plane with two planes of symmetries being
enforced. Prior to optimization, the modal resonance frequencies of
the full cylindrical DRA are measured as 2.10 GHz, 1.53 GHz and
1.53 GHz (degenerate), which should allow optimization to the higher
target frequency of 2.45 GHz.

Following the synthesis procedure, Figure 4(b) shows the opti-
mized DRA geometry that supports three modes around 2.45 GHz,
and Figure 4(c) compares the modal significance of the first three CM
modes on the original cylindrical DRA and the optimized cylindrical
DRA. Table II compares the modal significances (MS) and Q factors
for the first three modes before and after resonance at 2.45 GHz.
Again, shape synthesis brings all the three modes from 2.10 GHz,
1.53 GHz and 1.53 GHz respectively close to the design frequency
of 2.45 GHz, and the modal Q factors have been reduced for all



TABLE II: Comparison of Modal Significances and Modal Q Factors of the

Cylindrical DRA Before and After Optimization at 2.45 GHz

Modes MS (Before) | MS (After) | Q (Before) | Q (After)
Mode 1 0.06 0.91 326,000! 2.50
Mode 2 0.17 0.98 20.6 8.46
Mode 3 0.17 0.84 20.6 11.1

Fig. 6: The bottom view of the feeding network. Port 1 is excited by SMA
probe. Port 2 and 3 are excited by microstrip lines coupled with slots.

Port 3 (mode 3) is excited similarly, but due to limited space, a single
slot is employed to couple the energy from microstrip feed line to
the magnetic fields. The microstrip substrate is Rogers 4350 with the
height of h = 1.52 mm, relative permittivity €, = 3.48, and loss
tangent tand = 0.0037. In reference to Fig. 6, the parameters for
the microstrip feed network are given in Table III. The two microstrip
stub lines Lgtyp1 and Lgiype are used for impedance matching.
The simulated response for the three-port MIMO DRA is shown in
Figure 7(e) as dashed lines. Both good impedance matching and high
isolation is achieved at 2.45 GHz.

TABLE III: Dimension Parameters of the Microstrip Feed Network (in mm)

Fig. 5: The characteristic modal polarization currents of the synthesized
cylindrical DRA at 2.45 GHz: (a) mode 1; (b) mode 2; and (c) mode 3.

the three modes, indicating an increase in fractional bandwidth after
the shape synthesis. Figure 5 shows the first three modal currents
on the synthesized cylindrical DRA. Similar current distributions are
observed as the rectangular case due to the similar form factor of the
two designs.

IV. EXCITATION SCHEMES FOR THE SYNTHESIZED
RECTANGULAR MIMO DRA

After obtaining the DRA geometry that supports the required
modal resonant frequencies through shape synthesis, the next step is
to design the feeding network that excites these modes and achieves
both good input impedance matching and high isolation. We here
take the rectangular DRA as the demonstration example. Based on
the modal polarization current distributions in Figure 3 and partly
inspired by the work in [12], a feeding network is proposed as
shown in Figure 6. Probe feeds were initially explored as an simple
excitation scheme for all the modes, but they were found to exhibit
significant coupling between the ports. To best excite the three
modes with high isolation, a combination of slot and probe feeds are
employed. In observation of the vertical current distribution for mode
1, port 1 (mode 1) is excited using a vertical probe. For port 2 (mode
2), with a polarization current distribution of a half loop, dual slots are
used to couple the energy from the feed line to the modal magnetic
fields. A power divider is used as the microstrip feeding structure.

'Note that the Q factor before shape synthesis can be very large given
that the modal Q factor generally increases dramatically after passing the
resonance frequency [28].

Parameter | Value | Parameter | Value | Parameter | Value
Lm1 24.71 Ly 5.78 Ls 14
L2 40.09 Lyo 8.50 W 345

Lstub1 21.20 Lo1 8 Wi 1.72
Lstub2 23.10 Loz 7 W 3

A. Prototyping and Measurement

The optimized antenna geometry in Figure 2 (b) was fabricated
using 3D printed zirconia with the the XJet Carmel 1400 3D printer.
The printer uses a type of material jetting known as a nanoparticle
jetting and can create full density zirconia with 20 micron resolution.
The printed and sintered part is shown in Figure 7 (a) and (b). Figure
7 (c) and (d) show the designed feeding network for the multi-port
DRA. The measured 3-port S parameters are given as solid lines in
Figure 7 (e), in comparison with the simulation results in dashed
lines. A shift in operating frequency of about 2% is observed from
2.45 to about 2.5 GHz, and the isolation is lower than simulated but
is still good in the operating band, at about 25 dB. The overlapping
10 dB is around 17 MHz, limited by the bandwidth of modes 2 and
3, which have a higher Q factor within the selected bounding volume.

The far field responses of the antenna were characterized in the
SG-64 chamber at the Wireless Research Center of North Carolina.
Figures 8 (a)-(b) show the total E field for port 1 at ¢ = 0° and
¢ = 90° plane cut respectively at the measured center frequency of
2.5 GHz. Figure 8 (c)-(d) and (e)-(f) show corresponding responses
for port 2 and 3 respectively at 2.5 GHz. Overall, close agreement
is observed for ports 1 and 2, with port 3 showing some unexpected
reduction in directivity normal to the ground plane. However, as seen
in the correlation calculations below, the pattern correlations remain
low. In addition, the system efficiency for port 1 is measured as high
as 96% at 2.52 GHz, while the system efficiency for port 2 and 3
are measured as 63% at 2.48 GHz and 82% at 2.51 GHz.



S Parameters (dB)

IS
S

S5-sim.
= = .S ,-sim.
500"~ ‘SB-S%m
= = Sysim | (W | s
2 22 2.4 2.6 2.8 3
freq (GHz)

©

Fig. 7: (a) the DRA prototype top-side view; (b) the DRA prototype bottom-
side view; (c) the MIMO DRA placed on its feeding network; (d) the bottom
view of the prototyped feeding structure; and (e) the measured S parameters
(solid lines) in comparison with simulation results (dashed lines).

The envelope correlation coefficients between different ports are
calculated based on the simulated and measured 3D field patterns
[30], as shown in Figure 9. The simulation result are given as
dashed lines and the measured results are in solid lines. Overall,
the correlation coefficients based on simulation results are close to 0
across the examined frequency range, indicating near-orthogonality
between the three modes over a wide frequency range. The correlation
data in the measured prototype is also very low for all ports (< 0.05
in band), with the correlation between port 1 and 2 highest in band.

Overall, the measured results compare reasonably closely with
simulation results, and experimentally validate the proposed design
method using mode-based synthesis method and 3D printing method.

V. CONCLUSION

This paper proposes a systematic feed-independent shape synthesis
technique for non-canonical MIMO DRAs based on characteristic
mode theory and binary genetic algorithm. This method allows
automated synthesis of a MIMO DRAs that support a number of
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Fig. 8: (a) and (b) are the normalized radiation pattern of port 1; (c) and (d)
are the normalized radiation patterns of port 2; (e) and (f) are the normalized
radiation patterns of port 3. Solid lines are the measurement data and dashed
lines are the simulation data. Red curves show the pattern at ¢ = 0, and the
blue lines are the pattern at ¢ = 90 degree.

resonant modes less than or equal to those supported by the bounding
volume as described by the bounds on MIMO DRAs [29].

While this optimization method is generally applicable to any
volume and a variety of operating characteristics and objective
criteria, two examples are shown here. Two 3-port DRAs operating
at 2.45 GHz are synthesized from different initial volumes, and one
is selected for fabrication using 3D ceramic printing. Experimental
characterization verified the simulated performance and design ap-
proach. Good matching (> 10 dB) and isolation (> 20 dB) along
with low pattern correlation is achieved at the frequency of interest.
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