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A novel cavity-backed probe-fed linearly polarized microstrip antenna based on the concept of hybrid radiators is proposed and
implemented. The resulting flush-mounted antenna exhibits symmetrical bandwidth, low cross-polarization radiation in the H-
plane, due to its hybrid patch, and low cost, since it can be built on a FR4 laminate. Substrate integrated waveguide technology is
used in the fabrication of the metallic cavity. The effect of mutual coupling is analyzed for two classical arrangements: the side-by-

side and the collinear configurations.

1. Introduction

Conventional microstrip antennas, made up of a metallic
patch printed on top of a grounded dielectric layer, exhibit
unique characteristics such as small volume and compat-
ibility with integrated circuits at microwave frequencies,
having thus become customary components in a variety
of applications [1]. In order to achieve higher levels of
radiation efliciency, microstrip antennas have been designed
on expensive low-loss tangent (about 0.002) laminates [2-4].
On the other hand, now that both market and technology
are ready for mass production, techniques for designing
microstrip antennas on low-cost but electrically poorer FR4
substrate have been reported [5-14].

Nonetheless, the use of the FR4 substrate introduces addi-
tional complexity to the antenna design [15-17], due not only
to the inaccuracy of its relative permittivity value but mainly
to its considerable loss tangent (around 0.02). Variations in
FR4 permittivity can shift the nominal operating frequency,
whereas the large loss tangent affects the antenna bandwidth
and gain resulting in poor radiation efficiency—as low as
30% (at 1.6 GHz) for a 1.5 mm thick substrate. To improve
this relevant parameter, antennas have been manufactured on
moderately thick substrates—thus achieving 70% radiation
efficiency with a 6.0 mm thick substrate (at 2 GHz) [17].

However, microstrip antennas on thick substrates can exhibit
a significant level of cross-polarization in their H-planes [18-
20] and guided-wave effects—the latter substantially affecting
their radiation efficiency [21]. To overcome these limitations,
a new effective topology was recently proposed—a hybrid
microstrip patch backed by a metallic cavity [22, 23]. The
hybrid radiator is meant to reduce the cross-pol level in the
aforementioned plane [23, 24] whereas the cavity backing
can suppress the guided-wave effects [25]. Moreover, fed by
coaxial probe, conventional and hybrid microstrip antennas
on thick substrates, designed according to the traditional pro-
cedure [26], can exhibit highly inductive input impedance.

Techniques to compensate for the probe’s inductive reac-
tance are available [27-34], though at the cost of greater
complexity in the antenna design and manufacture. To
handle this drawback, an efficient technique for designing
probe-fed, moderately thick microstrip antennas has been
proposed, permitting the accurate design of linearly polarized
microstrip antennas based only on their intrinsic character-
istics, without any external matching network [35-40].

In this paper, low-cost cavity-backed hybrid microstrip
antenna is designed at 2.45 GHz for ISM band (2.4-2.5 GHz)
operation, according to the zero input reactance condition
[17], resulting in symmetrical bandwidth (with respect to
the operating frequency) and real input impedance (at that
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FIGURE 1: Cavity-backed rectangular-patch microstrip antenna.

frequency). Nowadays, the design can be carried out using
commercial software like Ansoft Designer [41] and HFSS
[42]. However, as their focus is on analysis, the development
process becomes more effective when a predesign (PD) of the
geometry under study is first obtained before optimization
in the software environment. Analytical methods such as the
classical cavity model [43] have been used for this purpose
[23]. Unfortunately, as the classical model calculates the
radiated field directly from the fundamental resonant mode
TM,,, it cannot properly explain the asymmetry in the E-
plane radiation pattern of probe-fed moderately thick hybrid
antennas [23]. To take this effect into account, the radiated
fields are computed from TM,;, TM,,, and TM,, modes.

This paper is organized as follows. After the antenna
predesign carried out in Section 2, the following section is
dedicated to its optimization, now under the zero input
reactance condition (X, = 0) [17]. Since the manufacture of
lateral electric walls in microstrip structures is not a simple
task, substrate integrated waveguide (SIW) technology [44] is
used in the fabrication of the metallic cavity. The design of this
new topology is presented in Section 4 whereas the mutual
coupling in both side-by-side and collinear arrays is analyzed
in Section 5. A prototype is shown in Section 6—along with
experimental results validating the proposed geometry. Final
comments are presented in Section 7.

2. Predesign Procedure

Low profile, as well known, is an important characteristic
of microstrip antennas. However, in flush-mounted appli-
cations, radiators are, in general, embedded in cavities.
Cavity-backed patch antennas have many attractive features
such as the reduction of guided-wave effects, enhanced
mechanical and thermal performance, and, in particular,
the improved isolation of the radiating element from the
rest of the system [25, 40, 45-48]. The typical geometry of
a conventional cavity-backed rectangular-patch antenna is
shown in Figure 1, where ( Vo> zp) denotes the probe position,
a and b denote the patch sides, Aa and Ab denote the slots
around the patch, and h denotes the substrate thickness.
The patch is centered on the cavity and printed on top of
a dielectric layer with the same dimensions as the cavity
(h x (a +2Aa) x (b + 2Ab)), with Aa and Ab larger than h, in
order not to disturb the fringing fields. Moreover, the patch is
directly fed by a 50-Q2 SMA connector.
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FIGURE 2: Cavity-backed probe-fed hybrid microstrip antenna.

Such flush-mounted radiator exhibits significant cross-
polarization level in the H-plane (CPLH-P), similar to the
conventional probe-fed rectangular-patch antenna [49], but
this drawback can nonetheless be overcome in a simple
way with a hybrid rectangular patch operating in TM;
mode. In this case, two opposite sides of the patch are
connected directly to the ground [22-24, 50]. An origi-
nal implementation—by embedding in a metallic cavity—is
depicted in Figure 2. In this new geometry, named cavity-
backed hybrid microstrip (CBHM) antenna, the slots of
dimension Ab were eliminated without significantly affecting
the antenna characteristics [23] and the dielectric layer is now
a parallelepiped with dimensions bx (a+2Aa)xh, and Aa > h.

Though originally developed for electrically thin conven-
tional microstrip antennas, the cavity (CV) model is used
in this paper for estimating the electric characteristics of
moderately thick cavity-backed hybrid radiators. Consider-
ing the antenna shown in Figure 2 excited by a vertical strip
of uniform current density I, located at (y,, z,), the electric
field inside the cavity is given by [23, 50]

Ex(y,z)=;;Emnsin(?>cos<%>, (1

where
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&, =lifn=00r&, =2ifn+0, k, and y, are the free-space
wave number and permeability, respectively, ¢, is the relative
permittivity of the substrate, £, is the effective width of the
strip, O is the effective loss tangent of (m, n) mode [43],
sinc x = (sin x)/x, and m # 0.
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Consequently, the input impedance of electric moderately
thick CBHM antennas can be calculated by
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(3)
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On the other hand, as the far fields are determined from
magnetic currents positioned along the radiating edges, the
following expression is obtained:
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However, as the resonance frequency of TM,; mode
depends on a and b, antennas of different dimensions can
be designed to operate at the same frequency. Therefore,
an appropriate criterion is required for choosing the patch
dimensions and the feeder position ( Vpr zp) so the antenna
can work properly.

The modes closer to the fundamental one, as mentioned
in [23],are TM, o, TM,4, TM,,, and TM,,. Thus, the predesign
criterion consists of controlling these adjacent modes so they
do not disturb the antenna operation in the convenient TM
fundamental mode. A simple way to suppress TM,, and TM,,
modes is to feed the patch at y, = b/2, where their electric
fields are minimum. Accordingly, the general expressions (3)
and (4) can be rewritten as
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TaBLE 1: CV and CBHM antennas dimensions.
CV(¢,=13mm)  CBHM-PD  CBHM-HFSS
a [mm)] 3721 31.28 31.98
b [mm)] 50.00 50.00 50.00
z, [mm] 14.06 11.10 12.53
0 T T T T T
2.2 2.3 24 2.5 2.6 2.7 2.8
Frequency (GHz)
Mathematica
—— HFSS
FIGURE 3: Input impedance of CBHM antennas.
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Based on the CV model, Mathematica [51] notebook
was implemented for design purposes. With that, a CBHM
antenna on a 6.6 mm moderately thick (for good radiation
efficiency [17]) FR4 material (¢, = 4.2, § = 0.02), fed by
a 50-Q SMA coaxial connector of 0.65mm radius, was
designed to operate at 2.45 GHz, according to the traditional
procedure [26]. Table 1 shows the CV and the CBHM pre-
design dimensions—the latter obtained from the CV ones
using Hammerstad [52]. Graphics of input impedance and
radiation patters are presented in Figures 3 and 4. For
validation purpose, a CBHM antenna was designed in HFSS
starting from the predesign results, with Aa = 14 mm. Their
dimensions are also shown in Table 1 and the simulations are
superimposed on the respective figures. The input impedance
was calculated considering the antenna embedded in a
140 mm square metallic plate and the radiation patterns
under the infinite ground plane condition. As seen from
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FIGURE 4: Radiation patterns of CBHM antennas.
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FIGURE 5: Co-pol and cross-pol 3D radiation patterns.
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TABLE 2: Electric characteristics of CBHM antennas.
CBHM-PD CBHM-HFSS
Z, [Q] 50.24 +i51.34 49.81 +i50.53
Directivity [dB] 6.7 7.1
Radiation efficiency [%] 70.7 67.3

Figure 4(a), differently from the simple CV model that uti-
lizes only the fundamental mode [23], the radiation pattern
computed from TM,,, TM,,, and TM,, modes exhibits the
well known E-plane (xz plane) asymmetry [22, 23].

Table 2 presents comparisons between the electric
characteristics of the antennas simulated in Mathematica
and HEFSS. The input impedance, directivity, and radiation
efficiency were calculated at the operating frequency. Good
agreement between HFSS and Mathematica results is
observed.

According to the coordinate system shown in Figure 2, E,
component describes the copolarized radiation whereas the
cross-pol one is given by Ej. As seen from Figure 4(b), the
antenna cross-pol in the H-plane is very low, as expected. In
order to illustrate the radiation behavior, typical 3D patterns
calculated at 2.45 GHz, using the Mathematica notebook, are
shown in Figure 5. As noted, the deep valley seen along the
xy plane causes the low cross-pol radiation in the H-plane, as
illustrated in Figure 5(b).

In conclusion, through this simple analytic model, the
electric characteristics of CBHM antennas can be estimated
in order to quickly establish their predesign dimensions.
In the present case, however, the antenna is not properly
matched to the 50-Q SMA connector, since the traditional
design procedure was applied. The following section is
dedicated to its optimization.

3. Antenna Optimization

The optimization procedure starts from the predesign dimen-
sions established in the previous section, but now considering
the antenna embedded in a 100 mm square metallic plate. Fol-
lowing the zero input reactance condition [17], the predesign
geometry is input into HESS with the feed probe positioned
near the radiating edge (i.e., z, = 0mm), so as to check
whether capacitive input impedances occur at frequencies
above the operating one. If so, the antenna can then be
perfectly matched to the 50-Q SMA connector at a certain
intermediate feed probe position. To carry this out, the probe
position z,, is then gradually displaced from the edge until
the desired impedance is reached. The frequency where this
happens must now be shifted down to the desired operating
frequency through the rescaling of the antenna geometry by
increasing the patch dimensions (a and b). Hence, the fol-
lowing optimized dimensions were obtained: a = 32.90 mm,
b =51.40 mm, Yp = b/2, and Z,= 10.85 mm, with Aa =10 mm
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FIGURE 6: Input impedance of the CBHM antenna.
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FIGURE 7: Reflection coefficient magnitude and CPLH-P of the
CBHM antenna.

= 1.5h. The resulting input impedance, reflection coeflicient
magnitude, and CPLH-P are presented in Figures 6 and 7.

As seen, after optimization, the antenna matches perfectly
the 50-Q2 SMA connector and presents a 4.5% symmetrical
bandwidth (110 MHz) for 10-dB return loss with respect
to the operating frequency, covering the entire ISM band.
Additionally, the radiator exhibits 69.2% radiation efficiency
and 7.4-dB directivity at 2.45 GHz.

To complete the analysis, the co-pol and the cross-pol
radiation patterns, simulated at 2.45 GHz and plotted in the
E- and H-planes, are presented in Figure 8. As expected, the
cross-pol radiation in the H-plane (xy plane) is low. As noted,
the CPLH-P is around —41.6 dB at the operating frequency
and under —39 dB all over the operating band, as shown in
Figure 7.

Once more, to illustrate the cross-pol behavior, typical
3D radiation patterns of CBHM and conventional probe-fed
rectangular-patch antennas, plotted at 2.45 GHz, are shown
in Figure 9.

5
TABLE 3: SIW antenna dimensions.
A-1 A-2 A-3 A-4
a [mm] 32.6 32.25 32.25 31.7
b [mm)] 50.9 50.4 50.4 495
z, [mm)] 10.6 10.5 10.5 10.35
Ac, [mm] 6 12 24 24
Ac, [mm] 6 12 12 16
Number of pins 40 20 16 14
0
0 -
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g
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s
I
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E 0] 20
Z
-10 4 .
0] 210
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F1GURE 8: Radiation patterns of the CBHM antenna.

As seen, both radiators have similar overall characteris-
tics. As noted in the PD analysis (Figure 5(b)), the deep valley
along the xy plane of the hybrid antenna 3D cross-pol pattern
(Figure 9(b)) causes the low cross-pol radiation in the H-
plane, as illustrated in Figure 8.

4. Cavity-Backed SIW Antenna

The fabrication of the antenna discussed in the previous
section is not a simple task. An effective approach based
on SIW technology was devised and implemented with a
planar copper-clad microwave laminate and a linear array
of metallic pins [44]. This approach enables the design of
flush-mounted, high-performance antennas of low cost and
low weight [53]. In the present case, the metallic walls
surrounding the rectangular patch, as shown in Figure 2, are
implemented by a series of 1.3 mm diameter copper pins,
as illustrated in Figure 10, where A¢, (t € {y,z}) is the pin
spacing.

The analysis of SIW antennas follows a step-by-step
procedure. First, a radiator, named A-1, with a large number
of pins, embedded in a 100 mm square copper-clad FR4
laminate (e, = 4.2, 6 = 0.02, and h = 6.6 mm), is designed in
HESS to operate at 2.45 GHz, based on the dimensions of the
cavity-backed antenna discussed in Section 3.

The copper pins are positioned at a constant 3 mm
distance from the slots of dimensions b x Aa (Aa = 10 mm).
The values of Ac,, the number of pins, and the antenna
dimensions are shown in column A-1 of Table 3. The resulting
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TaBLE 4: Comparisons between CBHM and SIW antenna characteristics.

CBHM A-1 A-2 A-3 A-4
Bandwidth [MHz] 110 109 109 107 101
Directivity [dB] 7.4 7.4 71 6.8 6.5
Radiation efficiency [%] 69.2 69.3 68.6 673 66.2
CPLH-P [dB] —41.6 =375 -32.5 -31.6 -29.2
ACPLH-P [dB] —43.5to0 -39.0 -39.8 to —34.7 —34.7 to =29.7 —33.4 to —28.8 -31.4 to -26.0
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FIGURE 9: 3D radiation patterns. (a, b) CBHM antenna. (¢, d) Conventional probe-fed rectangular-patch microstrip antenna (e, = 4.2, 8 =
0.02, h = 6.6 mm, a =26.2mm, b =35mm, Vp = b/2, and z,= 5mm). Co-pol: red pattern; cross-pol: blue pattern.

curves of input impedance, reflection coeflicient magnitude,
and CPLH-P are presented in Figures 11 and 12.

Radiation patterns of the co-pol and the cross-pol com-
ponents, simulated at 2.45 GHz and plotted in the E- and H-
planes, are shown in Figures 13 and 14.

For comparison, the CBHM antenna curves are super-
imposed. As seen, the electrical characteristics of antenna
A-1 are similar to the CBHM radiator, even for the CPLH-
P parameter, over the antenna bandwidth. This is because
the 6 mm pin spacing (about 10% of the wavelength in the
FR4 substrate, at 2.45 GHz) makes up for good metallic walls.
Next, by removing some pins from antenna A-1, three other
radiators, named A-2, A-3, and A-4, are analyzed. The values
of Ag, the number of pins, and the antenna dimensions
are also listed in Table3 whereas the simulated results
are superimposed in Figures 11-14. Although no significant
changes in the input impedance and the reflection coefficient

magnitude curves are detected, substantial degradation of the
CPLH-P is observed over the ISM band. From the radiation
pattern curves (Figures 13 and 14), it is visible that the
reduction in the number of pins (with their consequent larger
spacing) will degrade the cross-polarization in the H-plane,
increase the antenna back lobe, and enhance the E-plane
radiation pattern asymmetry, thus decreasing the antenna
directivity.

Additional comparisons are made in Table 4. The antenna
directivity, CPLH-P, and radiation efliciency were calculated
at the operating frequency. The bandwidth is based, as
before, on |I| < -10dB, whereas the parameter ACPLH-
P characterizes the variation of CPLH-P over the antenna
bandwidth. Since, as previously noted, the overall behavior
of the A-1antenna is close to the CBHM radiator, pin spacing
Ac, <10% of the substrate wavelength is taken as the design
criterion for STW antennas.
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5. Mutual Coupling Analysis

Mutual coupling is an important effect related to array design.
For the specific case of microstrip antennas, mutual coupling,
as much as the radiation patterns, is dependent on the
thickness and the electrical characteristics of the substrate,
the ground plane dimensions, and the separation between
the patches and their relative positions. For this paper’s
purpose, the analysis of mutual coupling follows a step-by-
step procedure. First, the radiation patterns of four arrays,
one made out of two CBHM patches and the other three of
two SIW ones, symmetrically positioned in relation to the
center of a 150 mm x 250 mm rectangular copper-clad FR4
laminate, are simulated in HFSS for fixed A,/2 displacement
between the geometric centers of the patches. Two classical
arrangements are discussed: the side-by-side configuration,

7
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FIGURE 12: Reflection coefficient magnitude and CPLH-P of the SIW
antenna.
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FIGURE 13: E-plane radiation patterns.

as shown in Figure 15, of CBHM antennas, and the collinear
one, illustrated in Figure 16. Radiation patterns for these
arrays excited at 2.45GHz in the broadside condition are
shown in Figures 17 and 18.

As seen from Figure 17, the H-plane radiation patterns of
the side-by-side configurations of antennas listed in Table 3
are very similar. In contrast, the collinear SIW configurations
exhibit asymmetric E-plane radiation patterns (Figure 18),
like those in Figures 4(a), 8, and 13. To illustrate this effect,
simulations were conducted for arrays excited by only one of
the elements (antenna 1), whereas the other radiator (antenna
2) is connected to 50-Q) termination. Results for the radiation
patterns (at 2.45 GHz) are shown in Figures 19 and 20.

From the similar radiation patterns that resulted for the
side-by-side configurations, one can infer that their near
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FIGURE 15: Side-by-side array of CBHM antennas.

fields are not too far off. On the contrary, the radiation pat-
terns obtained for the collinear configuration are asymmetric
and quite different from one another, since the E-plane is
strongly affected by the coaxial probe. With the far fields from
the collinear arrays being different, it is reasonable to assume
that their near fields are so too, thus substantially affecting the
mutual coupling between the radiators.

To complete the analysis, the mutual coupling |S,;| as
a function of the displacement d between the radiators (as
illustrated in Figures 15 and 16) is plotted in Figures 21
and 22. For the side-by-side configuration (Figure 21), the
mutual coupling consistently increases as the number of pins
decreases, since their near-field structures are close enough.

For the collinear configuration, similar performance is
observed for arrays made out of A-1 and CBHM patches
(Figure 22). This is not however what the curves for A-2 and
A-3antenna arrays depict. As seen from Figure 22, the mutual
coupling level between A-2 antennas is below that for the
CBHM radiators through d = 18 mm; but beyond that point
both [S,;| curves exhibit quite the same behavior. On the
other hand, the mutual coupling level between A-3 antennas
remains below that for CBHM radiators all over the simulated
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FIGURE 16: Collinear array of CBHM antennas.
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FIGURE 17: H-plane radiation patterns: side-by-side configuration.

range. These peculiar behaviors are attributed to the different
near-field structures of each radiator type.

6. Prototype Manufacture and Test

For this paper’s purpose of implementing SIW radiator at
2.45GHz, the A-1 antenna is definitely the best choice.
However, from a practical point of view, A-3 presents a good
tradeoff between electrical characteristics and number of
pins. Thus, to validate this new antenna topology, the A-3
antenna was selected for fabrication. The resulting prototype
is pictured in Figure 23 and its experimental reflection coef-
ficient magnitude and input impedance curves are presented
in Figure 24.

As noticed, the experimental curves are in very good
agreement with the simulated ones. The 8-MHz difference
between the measured (2.442 GHz) and the specified oper-
ating frequency is attributed to the inaccuracy of the FR4
permittivity value.

In Figure 25, the prototype antenna is seen positioned in
the anechoic chamber for the radiation pattern measurement.
Experimental and simulated results for the copolarized pat-
terns in both H- and E-planes (at 2.45 GHz), shown in Figures
26 and 27, are in very good agreement.
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FIGURE 25: SIW antenna in the anechoic chamber.

As to the measured H-plane cross-pol, =26 dB maximum
value occurs on the antenna back side, as shown in Figure 26,
thus validating the design procedure.

7. Final Comments

A new topology for a low-cost probe-fed linearly polarized
microstrip antenna was proposed and implemented. It com-
bines two main concepts: a hybrid patch, for reducing the
cross-polarization level in the H-plane, backed by a metallic
cavity, for suppressing the guided-wave effects. Moreover, the
null reactance method was successfully used to compensate
for the probe’s inductive reactance. Consequently, the new
antenna perfectly matches the coaxial feeder and exhibits
symmetrical bandwidth. In the present case, a radiator for
ISM-band operation was designed on moderately thick FR4
laminate to comply with a requirement for low cost. In order
to make the usage of commercial software like the HFSS more
effective, the antenna predesign was carried out using the
cavity model. However, as this simple model cannot handle
the E-plane radiation pattern asymmetry, an improvement in
the calculation of the far electric field was implemented.
Since the fabrication of the CBHM antenna is not a simple
task, SIW technology was adopted. Simulations carried out
in HFSS demonstrated its effectiveness whenever the SIW
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antenna design meets the proposed criterion of pin spacing <
10% of the substrate wavelength.

The mutual coupling effects in side-by-side and collinear
CBHM and SIW arrays were also analyzed. As expected,
similar performance was observed for the arrays made out of
A-1and CBHM patches, since the A-1 antenna was designed
according the aforementioned criterion. On the other hand,
the mutual coupling for collinear A-2 and A-3 antenna arrays
has a peculiar behavior, which is attributed to the different
near-field structures of these two radiator types.

Finally, a prototype, based on A-3 radiator, was imple-
mented and tested. Simulated results for reflection coefficient
magnitude, input impedance, and radiation patterns, in
very good agreement with experimental ones, validate the
proposed geometry.

Although this paper reports a planar antenna manufac-
tured on low-cost material, the same design and construction
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methods apply to antennas on a flexible substrate conformed
to cylindrical structures, such as aircraft or a rocket, where
low profile is an important requirement.
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