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Abstract—This article presents a novel dielectric resonator
antenna (DRA) with an 8-port feeding system offering gain and
polarization diversity. The single-antenna unit is defined by a
square arrangement of four aperture slots (ACSs), hybridized
with the radiation of the dielectric resonator. Basically, an
atypical feeding layout, realized by two microstrip transmission
lines driving each of the four ACSs (thus requiring a total of 8
feed lines), allows for controlled excitation of the polarization.
This resonator and feeder define the 8-port DRA, which, can
offer linear polarization (LP), right-handed circular polarization
(RHCP) or left-handed circular polarization (LHCP). Reflection
coefficient and coupling values for different port excitation
scenarios are also investigated for each polarization state of
the L-band antenna. The maximum gain is about 5 dBic for
LHCP or RCHP and 5 dBi when considering LP radiation. Such
agility can be useful for the Global Navigation Satellite System
(GNSS), for example, and other RF challenged environments
where the dominant polarization is not known apriori. Other
applications include duplex systems, wireless communications,
and other phased arrays where gain or polarization diversity is
of interest.

Index Terms—Dielectric resonator antenna (DRA), polariza-
tion diversity, hybrid antenna, microstrip line, aperture coupled
slots (ACSs).

I. INTRODUCTION

IELECTRIC resonator antennas (DRAs) have received

considerable attention for different RF communication
systems and satellite applications. They are generally com-
pact, provide high radiation efficiencies, can be excited using
various feeding techniques, and provide high gain. Recent de-
velopments focus on new types of DRAs including dual-band
operation with high impedance bandwidth [1], new feeding
techniques [2] and new shapes for the radiating elements such
as the T-shape [3], L-shape [4], stair-shape [5], [6] and others.
However, to achieve wide bandwidth with a compact design,
the feeding system can be challenging. Moreover, difficulties
can arise when trying to achieve wide bandwidth and high
polarization diversity at the same time. This is because most
DRA feeding systems are focused on the efficient excitation of
only one type of polarization, being either linearly polarized
(LP) or circularly polarized (CP).
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It is well known that the polarization of the generated far-
field radiation pattern for a DRA is mostly dependent on
its feeding mechanism. For example, one of the earliest and
most common feeding systems to achieve CP over a wide
beamwidth is the quadrature feed described in [7] where
microstrip lines were positioned on the dielectric resonator
to excite two orthogonal modes. In the same way the antenna
described in [8] uses two vertical strips with quadrature phase
excitation to excite TE11; and TE;13 modes simultaneously
to achieve CP. That DRA operated from about 2.7 GHz to
3.8 GHz where the reported maximum gain was 6.8 dBic
and where the axial ratio was below 4 dB. The antenna also
utilized a large (205 mm by 205 mm) ground plane to improve
radiation performances. Similar feeding was employed in the
DRA described in [6] where a bottom microstrip line fed a
ground plane slot with a stair-like dielectric structure on the
top aperture. The CP antenna achieved an axial ratio below 3
dB from 9.3 GHz to 10.3 GHz.

Other feeding approaches considered substrate integrated
waveguide (SIW) technology [2], [9], [10] or even enforcing
modes using different shaped resonators [4], [11], [12]. Such
as in [11] an H-shaped resonator was presented with a side
attached trapezoidal-like patch. In that structure, truncation
and cuts allowed for better impedance matching and caused
multiple resonances over frequency enabling antenna operation
from 3.61 GHz to 6.85 GHz. Thus depending on the design
approach, such mode excitations can be controlled enabling
different dominant polarizations in the far-field.

Following this design flexibility, such polarization diverse
DRAs are of interest and can offer a higher degree of freedom
by ensuring two or more polarization states. These antennas
can be used in wireless communication systems to minimize
fading losses caused by multipath effects as well as satellite
systems for geolocation. Diversity antennas can also offer
frequency reuse when combined with polarization modulation
techniques as reported in [13] - [15]. Using such polarization
diversity, the antenna system can be less affected by different
signals obstacles, improving the reliability and accuracy of the
transmitting data.

For example, in [16], to reduce power consumption and the
signal bit-error-rate (BER), a dynamic polarization diversity
antenna system was implemented and compared. In that work
[16], which mainly considered the signal-to-noise ratio (SNR),
a method to switch between two antennas while only one
antenna was activated was implemented. Another diversity
scenario was reported in [17], where antennas with equal gain
were used to distinguish between small scale and large scale
fading signals. Due to the fluctuating signal strengths in [17],
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the wake-up packet reception rate could be jeopardized, and
by using antenna diversity, those effects can be mitigated.

An antenna switching approach could also be implemented
using antennas with diverse gain [18]. In this methodology,
if the signal level power drops for one polarization, signals
received from another polarization state can be employed to
recover the data link. Using this approach, one polarization
state will be active at a certain time. Similarly an equal gain
combiner (ECG) technique can be implemented [19], where
the signals can be combined using all active polarization states.

Most of the recent findings in the literature report on single-
antenna units for diversity applications with new multi-port
feeding configurations whilst offering good isolation between
the ports. Moreover, and by following the previously men-
tioned advancements in feeding approaches for DRAs, a few
polarization diverse DRA structures have been reported with
multiple port feeding or made reconfigurable with two or more
polarizations. In particular, the structure described in [20], was
a 2-port DRA using coplanar waveguide technology to excite
two TE;1; orthogonal modes. The antenna provided 7 % and
11.6 % bandwidth for port one and port two, respectively,
with a maximum gain of 6.45 dBi for its two polarization
states. Similarly, a two port dual-LP reconfigurable DRA was
reported in [21]. The structure employed inverted-trapezoid
patches and skywork switches along with applied phase shifts
to the two ports to control the TE;;; and TM;;; modes for
radiation from about 5 GHz to 6 GHz. This resulted in the
control of the pattern while the reported maximum gain was
10.3 dBi at 5.5 GHz.

Advancing on these findings for antenna diversity and the
aforementioned DRA feeding approaches, we report on a
new 8-port antenna design achieving simultaneously dual-CP
or dual-LP. The single-antenna unit is defined by a square
arrangement of aperture coupled slots (ACSs) hybridized with
the radiation of a cylindrical dielectric resonator to achieve
polarization control. More specifically, two distinct microstrip
lines drive each of the four ACSs (see Fig. 1), defining the
8-port antenna, for radiation of degenerate HE;;5 modes.
To the best knowledge of the authors, no similar slot array
feeding scheme, DRA concept and results have been reported.
Basically it will be shown that high polarization diversity
is possible for the proposed 8-port DRA allowing for the
generation of various LP states, as well as RHCP and LHCP,
by the appropriate excitation of the relevant ports.

It should be mentioned that some initial results were pre-
sented in [22]-[24]. In particular, simulated beam patterns
and realized gain values were documented for some early
prototypes to investigate antenna feasibility. In this paper, an
expansion of these studies and new results are reported as
well as complete measurements for the antenna structure in
Fig. 1. It will be shown that the DRA provides high efficiency
for its various polarization states (see Table I). Moreover, new
and more efficient LP states are simulated and measured when
compared to [22] by differential-like feeding. This paper also
addresses inter-port coupling and antenna efficiency where it
will be shown that values approaching 90 % are possible.

To demonstrate these concepts, two different, yet also
similar, antenna structures are designed and examined for

Fig. 1. Manufactured DRA: (left) The dielectric resonator element glued to
the top metalized side which defines the ground plane platform. (right) The
feeding network on the bottom side is shown with eight 50-2 SMA connector
jacks which excite the square array of four ACSs; i.e. two microstrip lines
per slot defining the 8-port antenna.

TABLE 1

FEED DEFINITIONS TO ACHIEVE THE POSSIBLE POLARIZATION STATES
Port || LP State 1 (Horizontal)  LP State 2 (Vertical)  RHCP LHCP
P1 1£0° 0 1£0° 0
P2 0 1£0° 1/90° 0
P3 1£180° 0 1/180° 0
P4 0 1/180° 1/£270° 0
P5 1£0° 0 0 1£0°
P6 0 1£0° 0 1£270°
P7 1/180° 0 0 1/180°
P8 0 1/180° 0 1/90°

comparison having a center frequency of 1.5 GHz. Both
offer an input impedance bandwidth of more than 40 %
and distinct characteristics which may be of practical interest
for diversity applications; for example, when requiring varied
gain values for the different polarization states (Design A)
as in [18], or, more consistent realized gain and matching
over frequency when considering the possible LP and CP
operational states (Design B). Both structures might be useful
within the aforementioned systems [16]-[19], but depend on
specific requirements of the antenna. However, results for
Design B are fully reported herein, mainly due to its achieved
antenna performances in terms of radiation efficiency, similar
matching at the ports as well as its relatively consistent
gains for the different polarization states. In the following
regardless, both antennas are compared whilst measurements
are provided, demonstrating proof-of-concept for the 8-port
antenna concept.

II. ANTENNA DESIGN AND POLARIZATION
CONSIDERATIONS

The proposed DRAs offer gain and polarization diversity
which can be useful in communication or satellite systems
such as the Global Navigation Satellite System (GNSS).
Basically, in these scenarios, the proposed diversity antennas
can support signal processing approaches [16]-[19] to improve
overall system performance whilst employing only a single
antenna unit.

The hybrid DRAs, Design A and Design B (see Figs. 1 and
2) consist mainly of three parts: (1) the dielectric resonator
with €, = 10, radius and height of 31.75 mm and 22 mm,
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respectively, glued on top of the four ACSs; (2) the FR-4
substrate with thickness A = 0.8 mm and &, = 4.3; and (3)
eight 50-C microstrip lines which are perpendicular to the four
ACSs and angled 45° at the open stub terminations. Details on
the optimized dimensions for the two designs and the layout
parameters can be seen in Fig. 2 and Table II.

In the next sections, the external feeding system and these
two different antenna designs will be reported in detail:
Design A and Design B. The former offers different peak
antenna gains for its different polarization states while the
latter offers similar antenna matching values at all its eight
ports with consistent gain values. This is because the structure,
Design B, is symmetric. Regardless, depending on the specific
polarization or gain diversity application, Design A or Design
B may be more suitable. As further described in Table I,
each polarization state of the DRA is made possible by
exciting different ports and applying the relevant phase shifts.
In addition, both Design A and Design B were optimized
using the commercial full-wave simulator Ansys HFSS and
CST microwave Studio. HFSS was mainly used to refine the
structure dimensions and simulate the radiation performances,
while CST was used to compute the active S-parameter (or F-
parameter) response, beam patterns, realized gain, and antenna
efficiency.

A. External Feeding Approach to Achieve LP or CP

To generate circularly polarized radiation, approximately
phased signals need to be applied to ports 1 to 4 or ports 5 to 8;
i.e. an applied phase delay of 90° is required. Similarly, for the
LP states, the DRA needs to be excited using ports 1, 3, 5, 7
or 2,4, 6,8 with a 0° and 180° phase shift; i.e. differential. To
achieve these phase shifts different combinations of external
hybrid couplers can be used, defining a supporting coupler
system. The simplest implementation could be one 180°
coupler and two 90° couplers for the CP states. For LP, only
one hybrid coupler with a 180° output phase difference is
required.

Possible circuit schematics are detailed in Fig. 3 for the
CP and LP cases and examples of such couplers can be
found in [25] or [26]. For simplicity, the coupler system from
[27] (see specifically Fig. 5, from [27]) was employed for
the DRA measurements in this paper; i.e. for the fabricated
antenna prototype as in Fig. 1, enabling polarization diversity.
Moreover, this external S5-port coupler system offered reduced
imbalances at the ports from about 1 to 1.8 GHz. For example,
the magnitude imbalance is less than about 1 dB over the
majority of this frequency range whilst offering the required
90° sequential rotation [27].

B. Antenna Operation: Design A

1) Circular Polarization: RHCP (P1 to P4), LHCP (P5 to
P8): During the simulations and structure optimizations in
HESS, the relevant dimensions near the ACSs for the 50-()
microstrip lines were varied such that ports 1 to 4 provided
the best possible matching (see Fig. 4(a)), while still making
it possible to operate the antenna when using ports 5 to 8
for the other polarization state. As a result, the RHCP state

3

provided better active F-parameter matching when compared
to the LHCP state (see Figs. 4(b) and 5(a), respectively). For
example, the active F-parameters for the RHCP state showed a
-10 dB matching (or better) over a bandwidth from about 1 to
1.6 GHz, while LHCP was only able to reach -9 dB from 1.05
to 1.45 GHz with only -8 dB at the center frequency of 1.5
GHz. Since the coupling to the non-active ports is minimized
at the 1.5 GHz design frequency, whilst good matching is
achieved for the RHCP state, an efficiency maximum of 82
% can be achieved. On the other hand, an efficiency of 74
% 1is possible for the LHCP state (see Figs. 4(b) and 5(a)).
Consequently, maximum realized gains for the RHCP state
reached 4.9 dBic, while the LHCP state only reached 3.2 dBic
(see Table III).

This general design goal for Design A, to achieve a higher
CP gain for one polarization state, impacted the matching for
ports 5 to 8; i.e. the reflection coefficient values (passive) were
about -7 dB over the operating band of the DRA (see Fig.
4(a)). As expected, the active LHCP state is also not well
matched; i.e. the active F-parameters are greater than -10 dB
(see Fig. 5(a)). Looking at the simulated beam patterns for the
LHCP and RHCP states (see Fig. 6) the diversity in the CP
gains can be observed. Also, for both RHCP and LHCP, the
cross-polarization level is well below -50 dBic at broadside.

2) Linear Polarization: Horizontal (P1, P3, PS5, and P7)
Vertical (P2, P4, P6, and P8): In this approach, only two ACS
will are made active. This differential feeding, as outlined in
Table I, offered the most efficient radiation for the LP states
(and when also compared to the scenario when only one feed
line per slot was driven for LP; i.e. port 1 or 5, and ports 2
or 6, as well as the other possible configurations for LP). For
example, by following Table I, a radiation efficiency of 88 %
at 1.5 GHz can be observed (see Fig. 5(b)). The simulations
of the F-parameters also confirm that the active reflection
coefficient reaches -20 dB at the design frequency for ports 1
and 3 or ports 2 and 4. Similar to the LHCP state, ports 5,
6, 7 and 8 were actively matched with values of about -7 dB.
Also, simulated beam patterns in Fig. 6 show that the cross-
polarization level is well below -15 dBi with the maximum
realized gain at 1.5 GHz as expected.

Using this design approach, different gains for the different
polarization states can be achieved defining a type of antenna
offering polarization-gain diversity. As can be observed in the
plot of the realized gain for the different polarization cases as
in Fig. 7(a), a diversity gain of about 2 dB can be achieved
for Design A at its center frequency of 1.5 GHz.

C. Antenna Operation: Design B

1) Circular Polarization: RHCP (P1 to P4), LHCP (P5 to
P8): For Design B the microstrip terminations near the ACSs

TABLE II
DRA DIMENSIONS (ALL VALUES IN MILLIMETERS, SEE FIG. 2)
Wy | Hr Hg Hr | Dr | Ws | Ls | SO, | SO,
Design A | 160 | 0762 | 0.035 | 22 635 | 88 |36 94 4
Design B | 160 | 0762 | 0.035 | 22 635 | 88 |36 194 | 4
Wrg | FOya | FOy | FOz | FS | SA | Lea | Ly
Design A | 145 | 3275 | 14475 | 1675 | 1775 | 45° | 75 | 83
Design B | 145 | 5675 | 12.775 | 16.75 | 1845 | 45° | 7.5 | 85
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Fig. 2. Top, bottom and side layout views of the proposed DRAs (relevant to both Designs A and B). Dimensional details are described in Table II.
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Fig. 3. Possible circuit combinations to generate CP, (a), where one 180° and
two 90° hybrid couplers are required, and (b), LP, where only 180° coupler
is needed. As further described in the text, a 5-port coupler system (see Fig.
5 from [27]) can be employed for both CP or LP DRA measurements. For
example, for LP measurements, the 0° and 180° output circuit ports are only
needed, from (a), while the -90° and -270° ports can be terminated in matched
loads. Phased matched cables are also required when connecting this type of
external coupler system to the appropriate ports of the DRA (see Table I).
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Fig. 4. Design A: (a) Simulated reflection coefficients (passive) for all eight
ports. Reflection coefficient values for ports 1 to 4 are below -10 dB over
entire range, however matching for ports 5 to 8 did not reach -10 dB. (b) The
F-parameters and antenna efficiency for the RHCP state (ports 1 to 4).

slots were optimized to achieve similar passive matching at all
the ports whilst achieving port coupling (passive) well below
-15 dB for the ports connected to non-parallel microstrip feed
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Fig. 5. Design A: (a) simulated active S-parameters (or F-parameters from
CST defining the active reflection coefficient in dB as well as the coupling
to the non-activated ports) for the LHCP state (ports 5 to 8). It can be
observed that increased reflections are generated for the active S-parameters
when compared to the RHCP state (see Fig. 4(b)). (b) Simulated F-parameters
for the LP states (Horizontal: Ports 1, 3, 5, and 7; Vertical: Ports 2, 4, 6, and
8). The antenna is matched better for the horizontal state.
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Fig. 6. Design A: simulated beam patterns and cross-polarization levels for
the antenna operating states as defined in Table I in the (a) ¢ = 0° and (b)
¢ = 90° planes. As mentioned, Design A provides variation of the gains for
its different polarization states.

lines (see Figs. 8 and 9).

As a result, the RHCP and LHCP states can also provide
consistent active F-parameters (see Fig. 12(a)). Overall, the F-
parameters showed a -10 dB (or better) impedance matching
over a bandwidth from 1.1 to 1.55 GHz. Additionally, the
coupling to the non-activated ports is minimized at the 1.5
GHz design frequency. This results in an efficiency maximum
of 80 % (see Fig. 12(a)). This is related to the fact that two
microstrip lines feed the same ACS, defining the proposed
co-located antenna feeding structure. Also, by using this
symmetric feeding approach the realized gain for the DRA
is consistent for both CP states; i.e. simulated realized gain

RUFG G IRBASIURE HriTiEh S TrobrSss BrEtduFgh *BYRIMbRYEAEH MERLIOD Be3Par teis Aom the HEH HERRKBrorEbs RediRiR SppRTE



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2021.3060034, IEEE

Transactions on Antennas and Propagation

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

a) of

0|
L 5 Co-Pol. Level
& | DesignA

-20 - X=Pol; Level

=)
—~
N

Co-Pol. Level

Design B

Realized Broadside Gain [dBi/dBic]
Realized Broadside Gain [dBi/dBic]

25t . 25 .
— RHCP — RHCP
30 — LHCP 30 — LHCP
351 35 --X-Pol; Level
40 40
450 45
1 12 14 16 s 2 1 12 T4 6 e

Frequency [GHz] Frequency [GHz]

Fig. 7. Simulated realized gain versus frequency for Design A (a) and Design
B (b) considering the defined port definitions in Table I. It should be mentioned
that Design A (a) provides different realized gain for its states, while Design
B (b) achieves consistent gain values of about 5 dBi and 5 dBic at 1.5 GHz.

generally lower than the CP configurations over the operating
band of the antenna while the maximum antenna efficiency is
88 % at 1.5 GHz.

The antenna simulations also suggest that high polarization
purity is possible. This is because low cross-polarization levels
of -20 dB or better can be observed for the LP states at
broadside (see Fig. 13). Similarly for RHCP and LHCP. Also,
the simulated beam patterns in Fig. 13 suggest that the half-
power beam width (HPBW) is approximately 85° while the
maximum realized gain is more than 5 dBi at 1.5 GHz (see
Fig. 7(b) and Table 1V).

TABLE III
DESIGN A: SIMULATION RESULTS FOR THE POLARIZATION STATES

Pol. Max Gain  X-pol. Level 3dB Rad. Active Impedance
a) b) State ‘ (Real.) @ =0°) HPBW Eff. Matching at 1.5 GHz
o = Measllred _ . Measured
g \—I““““‘a‘ed g . I—I‘*“““‘a”d RHCP || 49dBic  <-50dB 85° 81 % P5,6,7,8 -17 dB
3 = - ] LHCP 32 dBic <-50 dB 83° 74 % P1.234 -8 dB
11-10\ . = i"-l[\ Z LP (Hor.) 53 dBi <-18 dB 81° 88 % P1,3-14.8 dB P5,7 -8 dB
19 “ =-15 \\ 2 LP (Ver.) 5.3 dBi <-18 dB 81° 88 % P24 -14.8 dB P6,8 -8 dB
ol S=27 EARY BN
Sias) 25
=3 =3 TABLE IV
5_35 £_35 DESIGN B: SIMULATION RESULTS FOR THE POLARIZATION STATES
1 1.2 1.4 1.6 1.8 2 1 12 14 1.6 1.8 2 Polarization Max Gain  X-pol. Level 3dB Rad. Active Impedance
Frequency [GHz] Frequency [GHz] State (Real.) @ =0°) HPBW  Eff.  Matching at 1.5 GHz
Fig. 8. Design B: simulated and measured reflection coefficients (passive) for RHCP 4.9 dBic <-50 dB 85° 80 % P5,6,7.8 -12 dB
all eight ports. Reflection coefficient values are -14 dB at the 1.5 GHz design LHCP 4.8 dBic <-50 dB 83° 80 % P1234-12 dB
frequency. It is important to note that the reflection coefficients for all eight LP (Hor) 32 dBi <2048 s 88 % P38 14 dB
. LP (Ver.) 5.2 dBi <-20 dB 81° 88 % P2,4,6,8 -14 dB

ports are consistent. This is due to the symmetric antenna structure.
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Fig. 9. Design B: simulated and measured passive coupling between the
ports. Coupling values are about -15 dB or below at 1.5 GHz (a)-(c), except
for cases when the ports are connected to microstrip lines which feed the
same slot (d).

peaks were about 5 dBic for the LHCP and RHCP states,
respectively, as reported in Fig. 7(b).

2) Linear Polarization: Horizontal (P1, P3, PS5, and P7)
Vertical (P2, P4, P6, and P8): The F-parameters for the LP
states are presented in Fig. 12(b) and generally provide a
more narrow -10 dB impedance bandwidth when compared
to the CP states for Design B in that the structure is only well
matched from 1.45 to 1.55 GHz. Additionally, the coupling is

III. MEASUREMENTS AND DISCUSSIONS

To validate the proposed diversity antennas, Design A and
Design B were both manufactured and measured. Figs. 10
and 11 illustrate the full measurement setup considering the
employed 5-port external coupler system (see Fig. 5 from
[27]), the placement of the required dividers, and the proposed
DRA with its relevant port connections.

Results for Design B are fully reported in this section. This
is because Design B offers better matching for both of its
LP states. On the other hand, the RHCP state for Design A
offers best matching as well as higher gain and efficiency when
compared to its LHCP state making the proposed antenna
(i.e. Design A) suitable for diversity gain scenarios [18]. This
enables a co-located antenna system, and thus, does not require
the need to switch between antennas with different realized
gains. Conversely, Design B offers good matching for all its
ports and consistent gains for its LP and CP states making
it suitable for perhaps polarization diversity applications as in
[16], [17] and [19] and where a single-antenna unit is required.
This can enable lower system implementation costs.

The S-parameters (passive) for Design A and B were
measured using an Anritsu 37377C Vector Network Ana-
lyzer and results are in agreement with the simulations (see
results in Figs. 8 and 9). Far-field antenna measurements
were completed in the anechoic chamber facilities at The
Royal Military College of Canada and values show a good
agreement with the full-wave simulations (see Figs. 12-17).
Given this experimental setup, particular measured realized
gain patterns were plotted for different azimuth angles as
well as the antenna response with respect to frequency. Beam
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patterns, the matching and the coupling responses, axial ratios,
and cross-polarization levels are also reported.

a) CP AUT Measurement Setup

Receiving Reference
Antenna
+

Device Under
Test

50 Ohm
Load

Coupler|
System

b) LP AUT Measurement Setup

Device Under Receiving Reference
Test Antenna &

50 Ohm
.~ Load

"))

< <
« «

Fig. 10. Measurement setup for the CP, (a), and the LP cases, (b). Both
show the required DRA and circuit connections with reference to the antenna
ports (see also Fig. 11). Note: for the LP measurement cases, dividers are
also required.

A. Port Matching, Coupling & Feeding Considerations

Measured and simulated passive S-parameters are presented
in Figs. 8 and 9 for Design B. Results indicate that the DRA
offers a good impedance bandwidth with reflection coefficients
below -10 dB from 1.1 to 1.8 GHz (which is more than 40
%). The coupling between ports 3 and 1 is also below -15 dB
over the entire frequency range while the coupling between
ports 1 and 2 is below -10 dB (see Fig. 9(a)). This increase in
coupling is related to the port locations; i.e they are opposite
to each other. In a similar way ports 6, 7, and 8 have coupling
values to port 1 below -10 dB. However, the inter-port coupling
between the microstrip lines which drive the same ACS can
reach up to -4 dB (see Fig. 9(d)). This is consistent with the
simulations for both Design A and Design B (all results not
reported for brevity).

It is also important, to follow the port definitions as de-
scribed in Table I for the various polarization states. This
is because after significant comparisons and simulation trials
(not fully reported here for simplicity), these port definitions
offered the best radiation efficiency performances for all the
defined polarization states as well as improved matching,
reduced coupling and when the active S-parameters or F-
parameters were considered as in Fig. 4(b), 5, and 12 and
in Tables IIT and IV for the same DRA structure.

a) LHCP / RHCP DUT Measurement Setup

509 Toad
L ‘.-—‘ S

e

1500 load” |

Fig. 11. DRA port connections considering the CP and LP states with external
coupler feeding (see Fig. 10). For example, in (a), P1 to P4 are active, while
PS5 to P8 are loaded with 50-C2 defining the RHCP case, while in (b), P2,
P4, P6, and P8 are active defining the vertical LP state (see Table I). Other
polarization states are possible by selecting the appropriate output ports of
the coupler system whilst connecting the DRA ports.

B. CP Antenna Operation: RHCP and LHCP

The antenna simulations and measurements demonstrate
high polarization purity with low cross polarization levels at
broadside for every CP state (see Figs. 13-16). For Design
A and B, the different CP gain values can be observed in
Fig. 14 for the RHCP and LHCP states, respectively. Also,
the measured maximum realized gain is about 5 dBic at
1.5 GHz for Design B (both polarization states) and the
antenna offers a HPBW of approximately 80° (see Figs.
14(b) and 15, respectively). Measured axial ratios are also
well below 3 dB considering an angular range of more than
+50° as reported for different azimuth angles in Fig. 16. In
general, the simulation results are in close agreement with the
measurements.

C. LP Antenna Operation: Horizontal and Vertical

For Design B the antenna simulations and measurements
demonstrated cross polarization levels of -15 dBi or less at
broadside for every LP state (see Fig. 17). Measured maximum
realized gain is at 1.5 GHz with a value of almost 5 dBi
which is consistent with the simulations as reported in Table
IV. Additionally, the realized gain over frequency is shown in
Fig. 17(a) while the HPBW is approximately 88° as observed
in Fig. 17(b).

D. General Discussions

Discrepancies between simulations and measurements for
Design A and Design B could be related to manufacturing
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Fig. 12. Design B: simulated active S-parameters (or F-parameters from CST)
defining the active reflection coefficient in dB as well as the coupling to the
non-activated ports for the CP (a) and LP (b) states. The efficiency is also
reported in (a) where it is observed that when the coupled power to the non-
active ports is reduced, antenna efficiency increases. In addition, the active
reflection coefficients demonstrate values of -10 dB (or less) at 1.5 GHz.
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Fig. 13. Design B: simulated beam patterns and cross-polarization levels for
the antenna operating states as defined in Table I.
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Fig. 14. Design A (a) and Design B (b) simulated and measured broadside
gain versus frequency for the RHCP and LHCP states. Simulations and
measurements are continuous and dashed lines, respectively.
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Fig. 15. Design B: RHCP (a) and LHCP (b) measured beam patterns at 1.5
GHz. Cross-polarization levels are also shown.

tolerances or by imbalances in the power combiners and
external hybrid couplers employed to generate the required
phase shifts at the ports (see Table I). More specifically, in the
simulations the applied port voltages (magnitude and phase)
were considered ideal.

It should also be mentioned that slightly higher than ex-
pected cross-polarization levels were observed in the measure-

107 1
RHCP LHCP
a) 1.5 GHz (Ports 1, 2, 3, 4) b) 1.5 GHz (Ports 3, 6,7, 8)
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Fig. 16. Design B: measured axial ratios for the RHCP and LHCP states.
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Fig. 17. Design B: LP (vertical) realized gain versus frequency (a) and beam
pattern (b). For (b) simulations and measurements are continuous and dashed
lines, respectively. Very similar results are observed for Design A, LP (vertical
and horizontal) as well as Design B, LP (horizontal). All results not shown
for brevity.

ments. For example, the simulated cross-polarization levels for
the CP states are 50 dB below the main co-polarized maximum
at broadside (see Fig. 13), while the measured cross-pol. range
is about -15 dB to -45 dB (see Fig. 15). This is likely related
to the employed CP reference antenna, in particular the cavity-
backed spiral antenna from Steatite [28]. This commercial
antenna has a relatively high cross-polarization value (about
10 dB below the main co-pol. beam maximum) at L-band
frequencies.

Similar challenges were also observed in [29], [30], and
[31] where increased cross-polarization levels were observed.
These papers mention the importance of the polarization purity
for the reference antenna during practical cross-polarization
measurements. In addition, there could have been unwanted
scattering from the metallic antenna tower and possible twist-
ing of the cabling (acting as an unwanted scattering source)
during antenna measurements. Due to these minor setup chal-
lenges and the noted polarization impurity in the reference
antenna (at L-band [28]) the higher than expected cross-
polarization measurement values can be explained. Regardless
of these practicalities, measurements and simulations are gen-
erally in good agreement for the proposed diversity DRAs.

IV. CONCLUSION

A novel 8-port dielectric resonator antenna (DRA) was
presented for gain and polarization diversity applications. The
antenna design consists of eight 50-£2 microstrip lines feeding
four slots (with unconventionally two feed lines per slot), and a
dielectric resonator element on top with a relative permittivity
of £, = 10 which exploits degenerate HE;19 modes. This
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DRA structure offers dual-linear and dual-circularly polarized
radiation by its flexible port arrangement. Maximum gains of
5.2 dBi and 4.9 dBic are obtained for the linear and circular
polarization states, respectively. For proof-of-concept, two
distinct prototypes were fabricated and experimentally verified
(Design A and Design B). Further advancements could be the
realization of a higher dielectric constant for the resonator
for size reduction, as briefly studied in [23], as well as an
integrated feeding circuit to achieve the different polarization
states. Additionally, the feeding system could be modified to
provide agile switching between polarization states. The pro-
posed antenna can be used in various communication systems
where antenna gain and polarization diversity is required such
as in geolocation or other wireless systems.
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