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Abstract— A triangular-cavity-cascaded antenna is proposed
and analyzed for wideband applications. By alternatively and
periodically shorting a metallic plate on its edges with small slices,
isosceles-triangular field patterns are generated and cascaded for
wideband antenna design. Synchronous electric edge fields which
contribute to radiation occupy almost all the areas of both sides
of the plate. Compared with a typical microstrip antenna with
a rectangular cavity, the triangular-cavity-cascaded antenna is
a relatively open structure with less shorting boundary around.
As a result, the quality factor is smaller, and the impedance
bandwidth is wider. In order to prove the design strategy,
a 1-D cascaded antenna with 1 × 5 triangular cavities and
a 2-D cascaded antenna with 2 × 5 triangular cavities are fabricated and tested. Experimental results show that the impedance
bandwidths of 1-D and 2-D antennas are 35.66% and 21.43%,
while the peak gains are 13.27 and 16.47 dBi, respectively.
Index Terms— Cavity-cascaded antenna, dielectric resonator
antenna (DRA), Fabry–Perot (FP) cavity, rectangular cavity,
triangular cavity.

I. I NTRODUCTION

R

ESONANT cavity antennas are widely used in
modern telecommunication and radar systems due to
their directional beams. Radiation analysis of a rectangular
parallel-plate structure (patch structure) based on cavity model
was detailed in [1]. Microstrip antenna arrays can be viewed
as cavity antenna arrays. They have the merits of low profile,
light weight, and easy integration with other components. The
parallel-fed and series–parallel-fed microstrip arrays are most
widely used. A 16×16 aperture-coupled parallel-fed microstrip
planar array operating at 35 GHz was introduced in [2].
Asymmetrical feed networks were adopted to achieve uniform electric current intensity for each element, and U slot
was embedded into each element to enhance operating
bandwidth [3]. Fabry–Perot (FP) cavity antenna is a halfwavelength height resonant cavity formed by a reflecting
screen and a partially reflecting sheet (PRS) [4]. The primary
radiator, such as patch, slot, open waveguide [4]–[10], or
antenna array [11], can be used as the feeding source.
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Perforated or wire grids [4]–[6], periodic dipoles [7], artificial magnetic conductor (AMC), or electromagnetic bandgap
superstrate [8]–[11] can be used as the PRS. Some methods
were put forward to lower the profile of the Fabry-Perot cavity
antennas. AMC was applied as either of the two metallic
reflectors to halve the traditional FP antenna height [8].
Dielectric-filled effect further decreased the height to oneninth wavelength [9]. Both the reflecting screen and PRS
constructed by AMC structures lowered the profile to 1/60th
wavelength [10]. Dielectric resonator antennas (DRAs) are
high-efficiency cavity antennas. A systematic study on DRAs
was first presented in [12]. Since then, DRAs with various
shapes, such as rectangular [13], spherical [14], triangular [15],
and annular [16], and different feeding methods, such as probe
fed [17], microstrip line fed [18], coplanar waveguide fed [19],
and aperture fed [15], have been investigated. Several rigorous
numerical analysis methods [20], [21] together with experimental results [22], [23] have been conducted to evaluate the
resonant frequencies, Q-factors, and model field distributions
of the cylindrical resonant antennas.
Other cavity antennas explored by scholars were published as well. In [24], by using the 1-order and 3-order
modes of an open cavity, a dual-band ultrathin cavity antenna
achieved 12.5% and 20.5% tunable bandwidths for the low
and high bands, respectively. Two electrically large circularpolarized metallic cavity antennas with a common average
gain of 8.5 dBi for satellite applications were presented
in [25] and [26]. A high-impedance ground plane was used
to improve the pattern of the circular open waveguide [27].
Diffraction analysis of a rectangular open-ended cavity was
reported in [28]. By stacking a two-end-open gate-shaped cavity on a single-end-open rectangular cavity, a switched-beam
antenna with unidirectional pattern was achieved [29]. Four
beam-switched planar pattern diversity arrays were obtained
by using four trapezoidal cavities and two 3-dB hybrid
couplers [30], [31]. Two 2 × 2 millimeter-wave substrate
integrated waveguide (SIW) slotted narrow-wall fed cavity
antenna arrays featuring wideband performances (about 12%)
were introduced in [32]. An SIW-fed 60-GHz cavity array
fabricated using multilayered low-temperature cofired ceramic
technology with a bandwidth of 17.1% and peak gain
of 22.1 dBi was reported in [33].
Rectangular-cavity-cascaded antennas based on the TM1n0
(n = 0.5) mode were proposed in [34] and [35]. By using
the N-order mode of the N-unit cavity antenna, fan-shaped
beams with impedance bandwidths of 11.78% and 12.15%
were achieved. In this paper, a 1-D cascaded antenna
with a triangular cavity is proposed. By alternatively and
periodically shorting a metallic plate on its edges with small
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Fig. 1.
Rectangular-cavity-cascaded antenna topologies in (a) [34] and
(b) [35]. (c) Triangular-cavity-cascaded antenna topology. (The topologies
illustrate the top view of antennas and the ground planes are omitted.)

slices, and selecting proper dimensions of the plate and slices,
cascaded triangular field patterns are engineered for wideband antenna design. Synchronous electric edge fields which
contribute to radiation cover almost both sides of the plate
everywhere. Therefore, the triangular-cavity-cascaded antenna
is a relatively open structure with less shorting boundary
around compared to antennas composed of a rectangular
cavity, leading to a smaller quality factor, and as a result, the
impedance bandwidth is wider. The fabricated 1×5 triangularcavity-cascaded antenna prototype shows a bandwidth
of 35.66%, which is almost tripled compared to the
rectangular-cavity-cascaded antennas [34], [35]. Moreover,
the proposed 1-D antenna has the merit of being scalable
along one direction to achieve a broadside directivity surpassing 16 dBi. A 2-D triangular-cavity-cascaded antenna is
also designed and fabricated to improve the antenna gain. The
measured bandwidth is 21.43% and the peak gain is 3.2 dB
higher than that of the 1-D antenna.
II. T RIANGULAR -C AVITY-C ASCADED T OPOLOGY
The antenna topology comparison based on the rectangular
and triangular open cavities is illustrated in Fig. 1. The antenna
topology in [34] is depicted in Fig. 1(a), the rectangular
open cavities are cascaded alternatively and integrated into
a whole. For fabrication convenience, the topology can be
evolved to what Fig. 1(b) shows [35]. By alternatively and
periodically shorting a rectangular metallic plate on its edges
with a number of identical end-to-end walls, a more compact
structure is established. The equivalent radiating magnetic
currents occupy half the area of the two sides. If the length
of the shorting walls decrease, the radiating aperture enlarges.
As shown in Fig. 1(c), if the lengths of these shorting walls
are small enough, virtual shorted circuits can be formed along
the tilted line segments between the adjacent shorting slices.
So, isosceles-triangular open cavities are cascaded alternatively, and the radiating magnetic currents cover almost all the

Fig. 2. (a) Isosceles-triangular open cavity antenna. (b) Rhomboid cavity
resonator formed by two isosceles-triangular cavity resonators. (c) Rectangular
cavity resonator enclosing the rhomboid cavity resonator.

areas of the two sides, leading to a nearly doubled radiating aperture compared to the rectangular cavity antenna
case [34], [35]. Therefore, the triangular-cavity-cascaded
antenna is a relatively open structure with less shorting boundary around. As a result, the quality factor is smaller, and the
impedance bandwidth is wider.
An analytical solution for the triangular resonator has been
detailed in [36] and [37]. Here, we solve the isoscelestriangular open cavity antenna in a straight way for easy understanding. In [30], the resonant condition of the trapezoidal
cavity was estimated roughly through the rectangular cavity.
In this part, the resonant frequency of an isosceles-triangular
open cavity is deduced from the rhomboid cavity enclosing it.
The operating frequency of the isosceles-triangular open cavity
antenna is shown in Fig. 2(a) with the bottom length of a and
midperpendicular length of b/2 approximately equal to the
fundamental eigenfrequency of the rhomboid cavity resonator,
as shown in Fig. 2(b). Without considering the fringing effect,
their frequencies should be completely the same. The latter can
be evaluated with the help of the rectangular cavity resonator
that encloses the rhomboid cavity, as depicted in Fig. 2(c).
Rectangular cavity resonators have an explicit analytical solution for their dominant mode

 2  2
c
1
1
+
(1)
f rect = ×
2
a
b
where c denotes the light velocity in free space. We intuitively
conceive the difference between the frequencies of the rectangular and rhomboid cavity resonators to be a coefficient, which
is closely related to the rectangular cavity aspect ratio (b/a)
f rhom = Cb/a × f rect .

(2)

Resonant frequencies of the rectangular and rhomboid cavity resonators are solved using the Eigenmode solution type of
the full-wave electromagnetic solver Ansoft HFSS. As shown
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TABLE I
D ETAILED D IMENSIONS OF THE P ROPOSED 1-D A NTENNA

Fig. 3. (a) Resonant frequencies of the rectangular and rhomboid cavity
resonators inside the former varying with rectangular cavity width while its
length is fixed at 36 mm. (b) Frequency ratio at different rectangular cavity
aspect ratios.

Fig. 5.
Complex electric field distributions at (a) 7.5, (b) 8, (c) 8.5,
and (d) 9 GHz. Red arrow lines: equivalent currents. Black dashed lines:
virtual shorted circuits.

Fig. 4.

Geometry of the proposed 1-D triangular-cavity-cascaded antenna.

in Fig. 3(a), these two curves are obtained by varying b
from 5 to 72 mm while fixing a = 36 mm, which means
that the aspect ratio maintains a reasonable value varying
from 1:4 to 2:1. Further decreasing or increasing b will cause
the realistic cavity resonator hard to excite. As can be seen,
the frequency of the rhomboid cavity resonator is higher than
that of the rectangular cavity and they are both inversely
proportional to b. The coefficient is obtained by dividing one
by the other, and the result is illustrated in Fig. 3(b). It is worth
mentioning that this is a universal solution for the rhomboid
cavity resonator. Considering the fringing effect, the realistic
frequency is lower. A detailed design guideline based on this
part is given in Section III.
III. 1-D T RIANGULAR -C AVITY-C ASCADED A NTENNA
A. 1-D Antenna Geometry
In this paper, a five-unit 1-D triangular-cavity-cascaded
antenna is taken as an example, as shown in Fig. 4. Five
shorting slices are evenly distributed underneath a two-endshorted rectangular metallic plate and located on its edges
alternatively. The two shorted circuits at the head and tail
aim to obtain a pure field distribution. The dimensions of the
metallic plate are 90 mm × 13 mm × 3 mm. The width
of each shorting slice is 5 mm and the interelement spacing
is 36 mm. The five slices divide the 1-D antenna into three
identical triangular open cavities and two right-trapezoid open
cavities. The proposed 1-D antenna is fed from the open edge
of the center cavity by using a microstrip line whose width
and length are 7.5 and 10 mm, respectively. Commercially
available KFDS96-12 SMA connector with a center conductor

Fig. 6. (a) Real and (b) imaginary parts of input impedances at different
shorting slice widths.

diameter of 1.2 mm is used for feeding. The ground plane with
dimensions of 160 mm × 50 mm has been optimized to obtain
the maximum broadside gain. Detailed dimensions are listed
in Table I.
B. Field Distributions and Input Impedance
The electric field distributions at four frequency points are
depicted in Fig. 5. The triangular field modes are shown clearly
by using the dashed lines which denote virtual shorted circuits.
The field distributions of the three triangular open cavities in
the middle are becoming more and more like the triangular
pattern as the frequency increases from 7.5 to 8.5 GHz. At
8.5 GHz, the distribution is the most pure triangular pattern.
As the frequency increases further to 9 GHz, the field pattern
starts to get worse. Above 9 GHz, the field patterns are
desultory. Thus, the electric field distribution maintains a
proper triangular form in the frequency band approximately
from 7.5 to 9 GHz, so a flat gain curve is expected in this
band.
Since the desired field distribution can be maintained
between 7.5 and 9 GHz, the impedances in this band should be
matched as well. The width of the shorting slices is a significant parameter affecting the input impedance. Fig. 6 shows the
real and imaginary parts of the input impedance at different
slices widths. The real and imaginary parts both become more
and more flat as the length decreases from 17 to 5 mm. In the
frequency band from 7.5 to 9 GHz, the real part fluctuates
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TABLE II

TABLE III

D IRECTIVITY AT 8.5 GHz VARYING W ITH THE C AVITY
N UMBER OF THE P ROPOSED 1-D A NTENNA

C OMPARISON OF THE P ROPOSED 1-D A NTENNA W ITH O THER A NTENNAS

around 50  and the imaginary part around 0  when the
width is 5 mm. Therefore, the width of 5 mm is selected to
achieve a relatively wide bandwidth.
C. Scalability
The proposed 1-D antenna has the merit of being scalable
along the X direction to achieve more gains. Directivity at
8.5 GHz varying with the radiating cavity number is shown in
Table II. A common ground plane with dimensions of 300 mm
× 50 mm is used here. As can be seen, the energy can spread
to a long distance underneath the plate to achieve a large
aperture, and the available broadside directivity can exceed
16 dBi.
D. Design Guideline
The core of determining antenna parameters is the relationship between the operation frequency of the rhomboid and
rectangular cavity resonators [Fig. 3(b)]. The design procedure
is summarized in this section.
First, the antenna shape which is indicated by the aspect
ratio L 1 /(2W1 ) is chosen according to the optimized field distribution at center frequency. If the antenna shape is presented
as narrow and long, the two cavities at the two ends may
be coupled with weak energy; if it is presented as wide and
short, only three effective triangular field modes exist. Through
numerous studies, it is found that the proper ratio lies between
0.6 and 1.9. The antennas defined by this aspect ratio value
have ideal broadside directivity.
1) Selecting the aspect ratio L 1 /(2W1 ) of the triangularcavity-cascaded antenna as between 0.6 and 1.9, and
once the ratio is chosen, the coefficient Cb/a is determined.
2) According to the frequency relation formula (2), the
resonant frequency of the corresponding rectangular
cavity is obtained by dividing the coefficient Cb/a by
the desired frequency of the triangular-cavity-cascaded
antenna. Then, by using the rectangular cavity resonant
frequency formula (1), the initial values of L 1 and W1
together with the antenna height h are selected.
3) The initial width (Ws ) of the shorting slice is selected,
which is far smaller than the value of L 1 .
4) The values of L 1 and W1 are fine tuned to obtain the
most uniform field distribution at center frequency, and
then the value of Ws is fine tuned to obtain the widest
achievable impedance bandwidth.
5) Based on the edge impedance, proper length (L m ) and
width (Wm ) of the feeding microstrip line are selected
for impedance matching.
E. Simulation and Measured Results
The prototype of the proposed 1-D triangular-cavitycascaded antenna is shown in Fig. 7, which is fabricated

Fig. 7.

Prototype of the proposed 1-D triangular-cavity-cascaded antenna.

Fig. 8. Simulated and measured (a) reflection coefficients and (b) broadside
gains of the proposed 1-D antenna.

by two pieces of 0.5-mm-thick copper plates. The cost is
less than U.S. $2. Fig. 8(a) shows the measured reflection
coefficient in comparison with the simulated result in the
frequency band from 4 to 15 GHz. The measured result
agrees well with the simulation. Five resonant frequency
points, which are the 1-, 3-, 5-, 7-, and 9-order modes,
are observed [34], [35]. The simulated bandwidth is 34.54%
from 7.4 to 10.49 GHz, while the measured bandwidth is
35.66% from 7.19 to 10.31 GHz. Bandwidth comparison of the
proposed antenna with microstrip arrays, SIW slot antennas,
and metallic slotted waveguide antennas is listed in Table III.
The profiles of these reference antennas are comparable with
or higher than that of the proposed antenna. It is shown that the
proposed antenna has the merit of a relatively wide bandwidth.
Fig. 5(b) shows the simulated and measured broadside gains.
The simulated gains are up to 13.40 dBi at 8.4 GHz with
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TABLE IV
S IMULATED AND M EASURED B EAM W IDTHS AND C ROSS -P OL
L EVELS OF THE P ROPOSED 1-D A NTENNA

Fig. 10.

Geometry of the proposed 2-D triangular-cavity-cascaded antenna.

fields interfere destructively everywhere in the E-plane. However, in some directions in the H-plane, the cross-polarized
fields interfere constructively. Furthermore, parasitic radiation
from the feeding microstrip line deteriorates the cross-pol.
Fig. 9. Simulated and measured normalized patterns in two principal planes
of the proposed 1-D antenna at 7.5, 8, 8.5, and 9 GHz.

IV. 2-D T RIANGULAR -C AVITY-C ASCADED A NTENNA

a 3-dB gain bandwidth of 20.61% in the frequency range
7.4–9.1 GHz while the measured gains are up to 13.27 dBi
at 8.4 GHz with a 3-dB gain bandwidth of 22.36% in the
frequency range 7.19–9 GHz. (Limited by the microwave
anechoic chamber in our laboratory, the gains and patterns can
be measured up to 9 GHz.) Among the 3-dB gain bandwidths,
the simulated total efficiency is higher than 90.77%.
Fig. 9 shows the simulated and measured normalized radiation patterns in two principal planes at 7.5, 8, 8.5, and 9 GHz.
Fan-shaped beams are observed. The simulated and measured
3-dB beam widths and cross-pol levels in H- and E-plane
are listed in Table IV. The measurement agrees well with the
simulation. The patterns are stable between 7.5 and 8.5 GHz,
and the measured first side lobe levels (FSLLs) in the
H-plane are −13.11, −16.43, and −8.40 dB at 7.5, 8,
and 8.5 GHz, respectively. At 9 GHz, the FSLL in Hplane is as high as −3.47 dB, and the beam widths get
wider in both principal planes. The cross-pol levels in the
E-plane are much lower than that of the H-plane. It is
caused because the structure is symmetrical about the E-plane
while asymmetrical about the H-plane, so the cross-polarized

In order to improve the antenna gain, a 2 × 5 2-D antenna
is built. Two 1-D antennas are connected with each other
by using a microstrip line whose length is 0.6λ0 (λ0 is
the wavelength of the center frequency) for high gain and
avoiding grating lobe or high side lobe level (SLL). The simple
offset feeding approach is adopted to provide the required
180° phase difference. Such a frequency-dependent feeding
approach cannot offer perfect reversed phases in the 1-D
antenna band, so the feeding location is selected according to
the best gain curve. By sacrificing the bandwidth, a compact
triangular-cavity-cascaded 2-D antenna is constructed.
The geometry of the proposed 2-D antenna is shown in
Fig. 10. Five parameters are distinct from the 1-D case, while
the rest remain unchanged. The spacing (L 1 ) and width (Ws )
of the shorting slices, the length (L m ) and width (Wm ) of
the feeding microstrip line, and the width (L y ) of the ground
plane are revised to 40 and 10, 20.5 and 1.8, and 80 mm,
respectively. Detailed dimensions are listed in Table V. Fig. 11
shows the prototype, whose cost is also less than U.S. $2.
Fig. 12(a) shows the measured reflection coefficient in
comparison with the simulated result in the frequency band
from 4 to 15 GHz. The measured result agrees well with
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TABLE V

TABLE VI

D ETAILED D IMENSIONS OF THE P ROPOSED 2-D A NTENNA

S IMULATED AND M EASURED B EAM W IDTHS , FSLLs, AND
C ROSS -P OL L EVELS OF THE P ROPOSED 2-D A NTENNA

Prototype of the proposed 2-D triangular-cavity-cascaded antenna.

Fig. 12. Simulated and measured (a) reflection coefficients and (b) broadside
gains of the proposed 2-D antenna.

the simulation. The simulated bandwidth is 20.55% in the
frequency range 7.16–8.8 GHz, while the measured bandwidth
is 21.43% in the frequency range 7–8.68 GHz. The bandwidth
is decreased compared with the 1-D antenna: the simple offset
feeding approach causes the electrical lengths from the feeding
location to the two 1-D antennas to be different at different
frequency points, leading to different matching conditions of
the two 1-D antennas. However, it is still a relatively wide
bandwidth.
Fig. 12(b) shows the simulated and measured broadside
gains. Good agreement is observed. The simulated and measured maximum gains are both 16.47 dBi at 8.4 GHz and
their 3-dB gain bandwidths are both 13.33% in the frequency
range 7.7–8.8 GHz. The maximum gain is 3.2 dB higher than
that of the 1-D antenna. Among the 3-dB gain bandwidths,
the simulated radiation efficiency is higher than 89.65%.
Fig. 13 shows the simulated and measured normalized
radiation patterns in two principal planes at 7.2, 7.6, 8, and
8.4 GHz, respectively. Pencil-shaped beams are observed.
The simulated and measured 3-dB beam widths, FSLLs, and
cross-pol levels in the H- and E-plane are listed in Table VI.
The measurement agrees well with the simulation. At 7.2 GHz,
the broadside gain is relatively small and there exists a
high FSLL. The patterns are good and stable around the

Fig. 13. Simulated and measured normalized patterns in two principal planes
of the proposed 2-D antenna at 7.2, 7.6, 8, and 8.4 GHz.

5-order mode frequency range at 7.6, 8, and 8.4 GHz.
The measured broadside gains are higher than 12.64 dBi and
the FSLLs are smaller than −7.95 dB in both E-plane and
H-plane when the operating frequencies are above 7.6 GHz.
The cross-pol levels in the E-plane are much lower than
that of the H-plane as mentioned above. Compared with the
1-D antenna case, the cross-pol levels are improved, attributing
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to the fact that the reversed excitation phases of the two
feeding mircrostrip lines make their parasitic radiation to
cancel out.
V. C ONCLUSION
Based on the triangular cavity, a five-unit 1-D cavity
cascaded antenna is constructed. Triangular open cavities are
cascaded alternatively and integrated underneath the metallic
plate, resulting in a rather compact structure, which can be
fabricated easily. All the edge fields beside the metallic plate
are in-phase and occupy almost all the area of the two
sides, forming an open structure, lowering the quality factor
and, as a result, wide bandwidth performance is achieved.
By using a single probe fed, the proposed 1-D antenna can
be extended to acquire a gain of over 16 dBi. A 1 × 5
1-D antenna and a 2×5 2-D triangular-cavity-cascaded antenna
with impedance bandwidths of 35.66% and 21.43% and peak
gains of 13.27 and 16.47 dBi, respectively, are fabricated.
Due to the all-metal structures, the proposed antennas have
the merits of low cost and light weight, and are especially
useful in applications where dielectrics are problematic, such
as space applications.
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