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ABSTRACT The design and implementation of a wideband single-mode dielectric resonator antenna
(DRA) with a substrate integrated cavity-backed structure is presented in this paper. Two short-circuited
striplines with differential feeding are placed inside the substrate integrated cavity (SIC) for pure mode
excitation of the DRA, providing stable radiation characteristics, and low cross polarization levels. The cav-
ity is coupled to the cylindrical DRA through an annular slot. The fundamental HEM11δ mode of the
DRA is excited over a wide frequency band, as a result of the similar field distribution created on the
coupling annular slot by two modes inside the cavity. Measurement results show a maximum gain of
8.2 dBi at 5.45 GHz. The gain is 7.8 dBi at the center frequency of 5.15 GHz and its 1-dB bandwidth
is 23%. The measured 10-dB return loss bandwidth is 26% (centered at 5.15 GHz) which is the highest
among the previously reported works based on cavity-backed DRAs and single-mode excited DRAs. The
measured co-polarization and cross-polarization gain difference at the boresight direction is more than
26 dB. This antenna element can be used to cover a wide range of wireless standards in wireless access
point and applications due to its stable wide band performance.

INDEX TERMS Cavity-backed, dielectric resonator, differential feeding, DRA antenna, substrate inte-
grated, wideband antenna.

I. INTRODUCTION

DIELELCTRIC resonator antenna (DRA) was first inves-
tigated by Long et al. in [1]. DRAs are used in

microwave and millimeter-wave bands. Different types of
metallic antennas have been reported which are low profile,
but exhibit narrow operation bandwidth and lower efficiency
as compared to DRA antennas. DRAs are widely known
for their high efficiency, wide bandwidth, low cost, and
simplicity of excitation, but they are voluminous structures
where their size depends on the material properties and
the frequency of operation [2]. Low-profile DRAs can be
made of high permittivity materials, but this increases the
Q-factor [3] and consequently, reduces bandwidth. There
is therefore a trade-off between the size and operating
bandwidth of DRAs realized by high permittivity materi-
als [4], [5]. Several techniques to increase DRA bandwidth
were reported in the literature, such as using higher-order

modes [6] and modifying DRA feed structure [7]. A hybrid
feeding technique that consist of a microstrip line and a
conformal strip, is also used to improve the bandwidth, as
shown in [8].

Different methods for feeding DRAs were studied as
well. For coupling energy into the DRA, different types of
transmission lines such as microstrip line [9], [10], coaxial
probe [11], coplanar waveguide [12], and substrate integrated
waveguide (SIW) [13] were considered. The coupling of
energy can be either with direct contact with the feeding
line or a probe, or through an aperture in the DRA’s under-
lying ground plane [14]. A substrate integrated cavity (SIC)
with a slot is a good candidate for feeding the DRA when a
high-quality factor is needed [15]. SIC backed slot antennas
are compact, easy to fabricate, low cost, and have a high
radiation efficiency. However, their narrow operating band-
widths are a known drawback [22], [23]. Moreover, using
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FIGURE 1. Geometry of proposed differentially fed SIC backed cDRA. (a) Top view
(b) Cross-section from side view (c) Perspective view.

a method that eliminates the soldering inside the cavity is
preferred for DRA feeding [24].
Differential feeding has a good compatibility with mono-

lithic microwave integrated circuits (MMICs) and helps in
generating stable radiation patterns over the frequency. More
importantly, it provides symmetry in the current/field dis-
tributions, which is decreasing the cross polarization of
antennas [16], [17]. With differential feeding of DRAs,
unwanted modes can be suppressed inside the dielectric
resonator [18], resulting in a pure mode excitation.

Several DRAs with differential feeding have been
proposed for single-mode excited DRAs [9], [10], [17],
[19], [20], [21], but their 1-dB gain bandwidths and their
impedance bandwidths are relatively narrow. In [9], two par-
allel microstrip lines in a differential feeding are used for
exciting the fundamental TEδ11 mode inside a rectangular
DRA. The measured 10-dB return loss bandwidth is 22%,
centered at 2.4 GHz, and the gain varies between 3.8 and
6.6 dBi over the specified band. In [19], a rectangular DRA
with the fundamental TE111 mode is differentially excited
by a pair of conducting strips and an impedance bandwidth
of 3.2% is obtained.
Growing wireless data traffic and demand for high data

rate communications shift the frequency of communication
to higher frequencies searching for more bandwidth. The
sub-6 GHz bands (1.8 – 6 GHz) of the fifth generation
(5G) wireless standards are desirable because they are more

immune to fading and propagation loss but the design of
wideband antennas is challenging at this band. In this paper, a
differentially-fed SIC backed DRA with wide bandwidth and
low cross polarization is proposed for sub-6 GHz communi-
cation systems. In the proposed structure, the advantages of
both SIC and differentially fed slots constructed on cavities
were leveraged to realize the excitation of a DRA antenna
with a pure mode over a wide bandwidth, leading to obtain a
stable wideband gain pattern. A differential-to-single-ended
conversion scheme was integrated in the feed of the antenna
to differentially excite the cavity and slot while the antenna
feed is single-ended, eliminating the need for an external
balun in order to save space and reduce the complexity. The
SIC exhibits two modes within the band of interest and these
two modes exhibit the similar field distribution on the cou-
pling slot resulting in a constant field feeding the DRA over
the band. With this feed, the mode of the DRA is HEM11δ

over the entire band and thus the DRA in single-mode with
stable radiation characteristics (gain pattern and polarization)
versus frequency. Compared to the previous single-mode
DRAs, the proposed antenna shows the largest 1-dB gain
and 10-dB impedance bandwidth. Measured results show a
26% 10-dB return loss bandwidth and 1-dB gain bandwidth
of 23%. Over the operation band, from 4.5 to 5.8 GHz, the
radiation efficiency is better than 95%.
The paper is organized as follows. The design of a

SIC-backed DRA with differential feeding is described in
Section II. The scheme for deferentially feeding of the DRA
with a single-ended cavity feed is given in Section III.
The cavity and DRA modes are discussed in Section IV.
The measurement and simulation results are provided and
discussed in Section V. Concluding remarks are given in
Section VI.

II. DESIGN OF A SUBSTRATE INTEGRATED
CAVITY-BACKED DIELECTRIC RESONATOR ANTENNA
WITH DIFFERENTIAL FEEDING
In this section, we propose the design of a DRA excited by a
differentially excited SIC cavity, with the goal of achieving
wide bandwidth and low cross polarization. Fig. 1 shows the
proposed slot-coupled cylindrical DRA backed by a substrate
integrated square cavity. The structure includes two striplines
inside the cavity, shorted to the top metal layer using two
vias. While differentially fed, the short-circuited striplines
excite the annular slot on the top metal layer of the cavity
and hence the cylindrical DRA on top of the cavity. As
discussed later is this section, the cavity is excited by two
different modes over the operating band.
These two cavity modes generate very similar fields at the

location of coupling to the DRA in the annular slot, hence
a single mode (HEM11δ) is generated in the DRA over the
entire operation band. As a result of dual-mode operation of
the cavity, the antenna exhibits a wide return loss bandwidth,
and since the field distribution in the coupling slot remains
stable, the radiation characteristics of the antenna remain
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almost constant over a wide bandwidth because of the single-
mode operation of the DRA.
The design procedure starts with the selection of the

dielectric resonator material as the dielectric constant of the
resonator affects the bandwidth and size of the DRA antenna.
In this work, the C-Stock AK from Cuming Microwave with
a relative permittivity of 10 is used as the DRA material.
C-Stock AK is a low-loss plastic with a loss tangent of
0.002. The large permittivity of the DRA material enables
efficient coupling of power from the cavity to the DRA.
After selection of the permittivity of the DRA, an esti-

mation of the dimensions of the cylindrical DRA (cDRA)
at the center frequency of the desired band can be made.
According to [25], for a cDRA with aspect ratio of r/h
(where r and h are the DRA radius and height respectively),
the resonant frequency of the fundamental mode (HEM11δ)
can be approximated by:

fGHz = (k0r). 4.7713

hcm.
( r
h

)
(
for 0.4 ≤ r

2h
≤ 6

)
, (1)

where hcm is the DRA height in cm and k0r is:

k0r = 6.324√
εr + 2

(
0.27 + 0.36

( r

2h

)
+ 0.02

( r

2h

)2
)

. (2)

Based on (1) and for the selected material, the initial val-
ues for r and h at 4.5 GHz (the lowest frequency in the
desired sub-6-GHz band) are 10 mm 7.4 mm, respectively.
The RO3035 substrate from Rogers (with dielectric con-
stant and loss tangent of 3.5 and 0.0015, respectively) is
selected for the construction of the cavity. This is a low-loss
substrate with good mechanical properties for fabrication
of multilayer structures and vias. The cavity includes two
layers of RO3035 substrates with thicknesses of h1 and h2
(Fig. 1(b)). The upper substrate is only present at the loca-
tion of the cavity (Fig. 1(c)). Two short-circuited striplines
of length L1 and width W1 are printed on the top metal
layer of the lower substrate. These striplines are shorted
with slot vias (note that plated through vias can be used,
but the available fabrication process required this type of
plated vias) to the top metal layer of the cavity. The annular
coupling slot is printed on the top metal layer of the upper
substrate (Fig. 1(a)). Its inner radius and width are specified
by r and W3, respectively. The cavity is specified by param-
eters X1 and X2. X1 is the outer dimension of the square
cavity including the vias acting as side walls and X2 is the
inner dimension of the cavity, as shown in Fig. 1. The initial
value for dimensions of the cavity can be determined by the
waveguide cavity theory [26] at the center frequency of the
desired band. Based on the cavity theory, X2 is set equal
to one wavelength inside the substrate material at 5 GHz.
Two microstrip lines (with length of L2 and width of W2)

printed on the top layer of the lower substrate are connected
to the striplines through two openings on the side walls of
the cavity as shown in Fig. 1(a). The lines are differentially
fed to provide differential feeding for the annular slot at the
top of the cavity and generate the desired mode in the DRA.

TABLE 1. Final values of the proposed antenna with two ports.

FIGURE 2. Active reflection coefficient versus frequency for the DRA antenna with
SIC differential feeding (dotted line). Reflection coefficient versus frequency for the
DRA antenna with SIC single-ended feeding (solid line).

In the next step with the values obtained by (1) for DRA,
the short-circuited striplines and annular slot geometrical
parameters (W1, L1, r, W3) are optimized to get the best
impedance match over the desired bandwidth. The width
of the metallic slot vias (V1 and V2) and distance between
metallic slot vias (S1) are limited by fabrication tolerances
and selected to ensure that the waves remain confined within
the cavity over the operation bandwidth. The walls of the
two slots and the top and bottom metal layers form a rect-
angular waveguide of width S1 and height (h = h1 + h2).
Considering h and S1, The cutoff frequency of that waveg-
uide is defined by c

2×h×√
εr

and c
2×S1×√

εr
(that c is the speed

of light is free space and εr is the dielectric constant of the
substrate), respectively. Based on the dimensions presented
in the paper, the lowest cut off frequency is 26 GHz which
much higher than the operation frequency of the antenna.
Consequently, no leakage of power occurs between adjacent
vias forming the cavity [27].
The optimized values of the geometrical parameters are

listed in Table 1. The simulated active reflection coeffi-
cient [28], for differential feeding of the two microstrip ports,
is shown in Fig. 2. This simulation shows a 10-dB return
loss bandwidth of 23% centered at 5.07 GHz.

III. SINGLE-ENDED TO DIFFERENTIAL FEEDING
SCHEME INTEGRATED INTO THE ANTENNA FEED
NETWORK
In Section II, the antenna with differential inputs feeding
the SIC was introduced. In this section, the antenna struc-
ture is modified to have a single-ended feed for the SIC while
still differentially exciting the short-circuited striplines. The
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FIGURE 3. Geometry of proposed single-ended fed SIC backed cDRA
(a) Disassembled view (b) Top view (c) Bottom view (d) Perspective view.

exploded view of proposed antenna is shown in Fig. 3(a).
This structure eliminates the need for an external balun
for exiting the antenna with a single-ended feed and so

TABLE 2. Values of different geometrical parameters in the antenna with a single
port.

FIGURE 4. Single-ended to differential feeding conversion verification using a slot.
(a) Short-circuits were replaced by ports (b) Phase difference at the location of ports
(c) Amplitude ratio at the location of ports.

reduces the complexity. To differentially excite the short cir-
cuited striplines using a single-ended feed, instead of two
microstrip lines that are directly connected to the short-
circuited striplines (Fig. 1(a)), a slot fed by a mictorstrip
line at the bottom is used (Fig. 3(c)). Here, an H- shaped
slot is used to save space. The slot is at the center of the bot-
tom metal layer of the cavity and its dimensions are specified
by Ls1, Ws1, Ls2, and Ws1 as shown in Fig. 3(c) with values
shown in Table 2. For feeding the slot, a 50-� microstrip
line with width of Wfeed and length of Lfeed is used. Length
M1 of the open stub is used for matching purposes.
To evaluate the performance of the method in differential

feeding of the short-circuited striplines, discrete ports, port 2
and port 3, were inserted at the contacts of the striplines and
the vias reaching the top wall of the cavity, while the port 1
is the input of the antenna single-ended SIC feed. The phase
difference and amplitude ratio of signals in the two discrete
ports are shown in Fig. 4. These results show that the phase
difference is close to 180◦ and the amplitude ratio is almost
1, which confirms the desired differential feeding behavior.
The reflection coefficients of the antenna structure with

single-ended and differential feedings are compared in
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FIGURE 5. Reflection coefficient of the single-ended antenna versus frequency for
different values (a) h, (b) r , (c) X2, (d) W1, (e) L1. Other parameters are set according
to the values provided in Table 2.

FIGURE 6. Field distributions in the cylindrical DRA antenna. (a) Side view of the
electric field GHz, (b) Top view of the electric field (all electric fields are plotted within
the same range of values), and (c) Top view of the magnetic field (all magnetic fields
are plotted within the same range of values).

Fig. 2. Very similar performance can be observed for both
antennas.
Fig. 5 shows the reflection coefficient of the antenna ver-

sus frequency for different geometrical parameters. In each
figure, the other parameters are set according to the values

provided in Table 2. In Fig. 5 (a) and (b), the radius (r) and
height (h) of DR is changed. It shows that with changing the
dimension of DR the frequency of the resonance with the
lower frequency can be controlled. According to Fig. 5(c),
dimension of the cavity (X2) controls the frequency of the
resonance with the higher frequency. Other parameters in
Fig. 5, is related to the feed of the cavity. Based on the
results shown in Fig. 5, the optimum values for different
parameters are selected. Table 2 shows all final parameters.

IV. CAVITY AND DRA MODES
In order to investigate the resonant mode of the proposed
cylindrical DRA, the electric and magnetic field distributions
inside the DR are shown in Fig. 6 at three frequencies over
the operating bandwidth (4.6, 5.15, and 5.7 GHz). In all
cases, it can be observed that:
1) In Fig. 6(a), the direction of electric field distribution

is in the y-direction and the amplitude shows only one peak
at the top of the DR.
2) In Fig. 6(b), the electric field distribution is almost the

same at the center of DRA in xy-plane.
3) In Fig. 6(c), the direction of the magnetic field is nor-

mal to the direction of the electric field at the same plane
as in Fig. 6(b).
Therefore, the first two subscripts of the resonant mode

corresponding to these three frequencies are identical. Based
on Fig. 6, the mode of the designed DRA is HEM11δ [29].
It can be observed that the field distributions remain almost
constant over the entire band which indicates the single-
mode operation of DRA over the band. However, in Fig. 2,
two different resonances can be identified from the reflection
coefficients curve. The complex impedance of the input port
over band (Fig. 7(a)) also confirms the existence of two
resonance frequencies and one antiresonance for the antenna.
Based on dimension of SIC (X2 × X2 × (h1 + h2)),

the cutoff frequency of modes inside a simple rectangular
cavity can approximately be calculated from the waveguide
cavity theory [26]. A simple cavity with dimensions (X2 ×
X2 × (h1 +h2)) specified in Table 2 supports the two modes
TM11 and TM12 as their cut off frequencies are 3.4 GHz and
5.4 GHz (within the desired sub-6-GHz band), respectively.
In the designed cavity and in presence of the striplines and
the annular slot, field distribution of the specified modes
deviates from the ones for a simple cavity. The magnetic
field distribution of the modes inside the cavity are shown
in Fig. 7. Looking at the magnetic field distribution inside
the cavity (at the height 0.5(h1+h2) from the bottom of the
cavity), we can observe two distinct modes. One is presented
in Figs. 7(b) and (c) and the other is shown in the Fig. 7(d).
It can be observed in Fig 7(d) that the H-filed makes a loop
very close to the vias but this is not the case in the Fig. 7(b)
and Fig. 7(c). According to the H-field distribution shown
in the cavity (Hcavity) in Fig. 7, Hcavity at the left and right
of the slot is along x, that results in an equivalent electrical
current Jcavity (= ẑ×Hcavity) along y. According to the E-field
distribution inside the DR (EDR) shown in Fig. 6, EDR is
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FIGURE 7. (a) Complex input impedance of the single-ended antenna over the
operating band, The magnetic field distributions in the substrate cavity in different
frequencies (b) 4.6 GHz, (c) 5.15 GHz, and (d) 5.7 GHz.

FIGURE 8. The electric field distributions in the annular slot in different frequencies
(b) 4.6 GHz, (c) 5.15 GHz, and (d) 5.7 GHz (all electric fields are plotted within the same
range of values).

along y. Since EDR and Jcavity have the same direction only
at the left and right part (maximum EDR · Jcavity), it can be
concluded that the coupling of energy from slot to DR occurs
at the left and right part of the annular slot. According to
Fig. 7, though the cavity has two distinct modes, the H-field
distribution (Hcavity) at the left and right part of the slot
remains along y at different frequencies within the operation

FIGURE 9. (a) Photograph of the fabricated single-ended cDRA. (b) Measurement
setup.

FIGURE 10. Measured and simulated reflection coefficient of the proposed
single-ended cDRA.

band and so the cavity provides the similar excitation for the
DR over the band (Fig. 8), resulting in single mode operation
of the DR over the same band. Excitation of the two modes
of the cavity results in wideband return loss bandwidth of
the antenna and pure single mode wideband operation of
DRA results in stable radiation characteristics (wide 1-dB
gain bandwidth and low cross-polarization levels) as will be
confirmed by the measurement result in the next section.

V. SIMULATION AND MEASUREMENT RESULTS FOR
THE
This section presents the simulation and measurement results
of the fabricated wideband cDRA with single-ended SIC
feeding (Fig. 3). ANSYS HFSS was used for simulations.
The antenna was tested in a Satimo Starlab near-field cham-
ber. The fabricated antenna and measurement setup are
shown in Fig. 9. The antenna was fabricated with a multi-
layer fabrication process at the Poly-Grames research center
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FIGURE 11. Measured E- and H-planes co-/cross polarization radiation patterns for
the single-ended antenna: (a) 4.5 GHz, (b) 5.15 GHz, and (c) 5.8 GHz.

at Polytechnique Montreal, and the DRA was attached via
a very thin layer of epoxy glue. The measured and sim-
ulated reflection coefficients of the antenna are shown in
Fig. 10. There is a very good agreement between the sim-
ulation and measurement results. The greater bandwidth for
the measured curve can be attributed to the material tol-
erances and fabrication errors which are inevitable in such
delicate designs. As seen before (e.g., Figs. 5c and 5d), small
parameter variations can increase the bandwidth. Based on
Fig. 10, the measured 10-dB return loss bandwidth is 26%,
centered at 5.15 GHz. The measured and simulated radi-
ation patterns of the antenna at E- and H-planes and at
4.5 GHz, 5.15 GHz, and 5.8 GHz are shown in Fig. 11.
The measured and simulated results show very good agree-
ment. Fig. 12 shows the measured and simulated realized
gain and radiation efficiency versus frequency. The mea-
sured 1-dB gain bandwidth is 23% centered at 5.15 GHz.
A maximum gain of 8.2 dBi is obtained at 5.45 GHz. The
measured and simulated cross-polarization discrimination in
the boresight direction are greater than 26 dB and 40 dB,
respectively. The difference between simulated and measured
cross-pol levels is mainly due to the alignment errors. Based
on Fig. 12(c), the efficiency of the proposed DRA antenna
is more than 95%.

FIGURE 12. Measured and simulated (a) Realized gain-Co in broadside (b) Realized
gain-Cross in broadside (c) Radiation efficiency.

A comparison of the measured performance of the
proposed antenna with the previous works on single mode
DRAs is presented in Table 3. Compared to the DRAs in [9],
[10], [19], [20], and [21], the proposed antenna shows the
largest bandwidth, lowest cross-polarization level, greatest
maximum gain and smallest footprint while using a mate-
rial with the same relative permittivity of 10 in all cases,
except [21]. Wideband antennas are very important for multi-
standard support in wireless communications. This design
provides a possible solution for multi-standard coverage in
wireless access point applications as it covers the bands
4.5-5.8GHz thus is suitable for different WLAN standards
(802.11a/j/h/n/ac). The main part of antenna has a size of
33.2 mm × 33.2 mm (= the inner size of the cavity).

VI. CONCLUSION
A linearly polarized substrate integrated cavity-backed cDRA
has been proposed for operation in the range 4.5–5.8 GHz.
By using short-circuited striplines inside the cavity and dif-
ferential feeding, the cavity supports two different modes to
obtain a wide impedance bandwidth. Both modes provide

66 VOLUME 4, 2023



TABLE 3. Comparison of the measured performance of proposed DRA with the
previous works with a single resonant mode.

the same exciting fields for the DRA to excite the singe
HEM11δ mode that results in stable radiation characteris-
tics (gain pattern and polarization) for the antenna over the
operation bandwidth. Compared to the previous single-mode
DRAs (Table 3), the proposed antenna shows the largest
1-dB gain and 10-dB impedance bandwidth. Measurement
results show the largest 10-dB impedance (26%) and 1-dB
gain bandwidth (23%) compared to the previous single
mode DRAs. This cannot be achieved with a simple sin-
gle slot excitation. The cavity is differentially excited by
either differential feeding or an embedded single-ended to
differential converter to eliminate the need for an external
balun.
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