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Wideband antenna plays an essential role in modern communication systems for expanding available spectrums [1]–[4]. Recently,
slot-coupled microstrip antenna (SCMSA) has become a research
hotspot and an attractive antenna type in modern communication
systems, due to its merits of broad bandwidth and low profile [5].
The typical SCMSA is fed through a coupling slot etched on the
ground plane and properly placed below the radiating patch. The
slot-coupled feeding structure provides extra tuning freedom and
makes it easy to excite multiple resonant modes. By coupling these
modes, the SCMSA’s impedance bandwidth is broadened significantly, much wider than a regular microstrip antenna [6]. Compared
with other approaches for bandwidth enhancement of microstrip
antennas (such as using substrates with low permittivity [7], applying
E-shaped or U-shaped radiating patches [8], [9], and modifying
the feeding probe [10], [11]), the SCMSA avoids the bulky structures and complex feedings. Several works on wideband SCMSAs
have been investigated. SCMSAs inspired with periodical strips or
grids [12]–[15] have been demonstrated to increase the bandwidths up
to 25% with relatively low profiles around 0.06λ0 and realized gains
around 7–10 dBi, by exciting and coupling TM10 and antiphase TM20
modes. In [16], TM10 and TM30 modes of the SCMSA are allocated

in proximity to each other and the bandwidth of 15.2% is achieved
with the realized gain range of 7.5–10.9 dBi. Modifications on the
coupling slots (e.g., the stair-shaped [17] slot and double slots [18])
are reported for broader bandwidth.
However, the electrical distance between two equivalent
magnetic currents of the SCMSA varies with the change
of operating frequencies. It usually suffers from the large
realized gain variation in the wide bandwidth, restricting the
performance [e.g., effective isotropic radiated power (EIRP)] of
radio frequency front-end for wireless communications [19]–[21].
In [22]–[25], SCMSAs with different radiating patches are
investigated and impedance bandwidths of 30% are realized. Their
realized gains in the lower frequencies are only around 7 dBi and
realized gain variations are more than 3 dB in their entire bands.
Using a dual-mode substrate-integrated-waveguide resonator, the
SCMSA in [26] obtains the bandwidth of 22% and the realized gain
variation over 2 dB; nonperiodic square-ring metasurface broadens
the 2 dB realized gain bandwidth to 32% [27]. The realized gain
in a dual-layer metasurfaces SCMSA varies from 6.5 to 7.8 dBi
within the impedance bandwidth of 24.5% [28]. To date, it is still a
challenge for wideband SCMSA’s gain stability.
In this communication, a realized gain stabilization method,
i.e., using the reflector-plus-sidewall structure (RPSS), is proposed for
the wideband SCMSAs. The RPSS contains a metal reflector and two
metal sidewalls. The reflector is placed parallel under the SCMSA.
Two vertical sidewalls are mounted symmetrically to connect the
reflector to the ground of SCMSA. Based on the equivalent magnetic
current model, the RPSS’s operating mechanism and its effect on the
bandwidth and realized gain are analyzed step by step. To validate this
method, a referenced SCMSA modified from [23] is used as an example. Its simulated impedance bandwidth is 3.71–4.9 GHz with the
realized gain of 6.9–9.9 dBi, and the measured one is 3.71–4.91 GHz
with the realized gain of 6–10.1 dBi. The one adding RPSS maintains
a simulated bandwidth of 3.77–4.80 GHz, with the realized gain
of 10.4–11 dBi and measured bandwidth of 3.75–4.81 GHz with
the realized gain of 10.5–11 dBi. Compared with the referenced
SCMSA, the measured in-band realized gain variation is significantly
reduced from 4.1 to 0.5 dB. It also contributes to an average
realized gain increment of 2.1 dB. The proposed RPSS provides an
effective method for gain stabilization and enhancement of wideband
SCMSAs.
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The overall design is composed of the proposed RPSS with the
referenced SCMSA. The 3-D geometry and side views are illustrated
in Fig. 1(a) and (b). The referenced SCMSA comprises a gridded
radiating patch and coplanar-waveguide (CPW)-based slot-coupled
feed on both sides of a substrate. The substrate is with the size of
G W × G L × h 1 , the relative permittivity of 3.38 and loss tangent
of 0.009. The top and bottom layers of the SCMSA are shown
in Fig. 1(c) and (d). For the RPSS, the metal reflector is placed
under the SCMSA with a distance of h 2 and its size of W × W .
The vertical sidewalls with a length of L 2 and height of h 2 are

Abstract— Wideband slot-coupled microstrip antenna (SCMSA) is a
distinctive electromagnetic wave radiator in recent years with wide
bandwidth and low profile. In such a wide frequency range, the electrical distance, i.e., normalized to operating wavelength, between dual
equivalent magnetic currents increases obviously with upward frequency.
Therefore, the realized gain is usually with a large variation, which
limits the wideband performance of SCMSA. In this communication,
a feasible method is proposed to stabilize the realized gain of an SCMSA
over its entire impedance bandwidth by utilizing a properly designed
reflector-plus-sidewall structure (RPSS), which includes a reflector with
an optimized height and two vertical sidewalls. Each part has its own
function in realized gain compensation and enhancement, performing a
flatter and higher realized gain in a wide frequency range. To validate this
method, an antenna prototype is fabricated and tested. Compared with
the referenced SCMSA, the measured results indicate that the proposed
one adding RPSS maintains a wide impedance bandwidth of 24.8%
(3.75–4.81 GHz), but reduces gain variation from 4.1 to 0.5 dB
(10.5–11 dBi) with an average realized gain increment of 2.1 dB.
Index Terms— Broadband antennas, gain stabilization, microstrip
antennas, radiation patterns, slot-coupled antennas.
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Fig. 1.
Geometry of the proposed design. (a) 3-D exploded view and
(b) cross-sectional view of the proposed design. (c) Top view and (d) bottom
view of the referenced SCMSA.
TABLE I
D IMENSIONS OF THE P ROPOSED D ESIGN (U NIT: mm)
Fig. 3. Ant. 2 with the reflector. (a) Top view of Ant. 2. (b) Side view of
Ant. 2. (c) Equivalent magnetic current model for Ant. 2 based on the image
theory. (d) Simulated |S11 | and realized gains of Ant. 1 and Ant. 2.

III. O PERATING P RINCIPLE OF

Fig. 2. Ant. 1 without the reflector. (a) Top view and side view. (b) Simulated
|S11 | and realized gain.

utilized to connect the ground of the SCMSA to the reflector.
Two sidewalls are symmetric with respect to xoz plane with a
distance of L 1 . The detailed values of each parameter are listed
in Table I.
The main contribution of this work is the gain stabilization method
for SCMSAs within a relatively wide bandwidth. Without loss of
generality, the referenced SCMSA depicted in Fig. 1 is just a typical
example to validate the functions of the RPSS. It is designed from the
structure in [23], with some modifications in size reduction and mode
control. The configurations of the referenced SCMSA, i.e. Ant. 1,
are presented in Fig. 2(a). Its simulated |S11 | and realized gain are
shown in Fig. 2(b). The simulated -10 dB impedance bandwidth
is 27.6% (3.71–4.9 GHz), within which the realized gain ranges
from 6.9 to 9.9 dBi. Due to different electrical distances between
two equivalent currents in a wide frequency range, the beamwidth
in the higher band is much narrower than that in the lower band,
and the Ant. 1 has the large realized gain variation of 3 dB. Besides,
the backward radiation of the coupling slot results in poor simulated
front-to-back (FBR) lower than 13 dB in the entire band and has
negative impacts on gain stability.

THE

RPSS

Based on Ant. 1, a regular reflector is added as Ant. 2, shown
in Fig. 3(a) and (b). According to the magnetic-wall cavity model
in [29], Ant. 1 can be equivalent to two magnetic currents located at
two edges of the radiating patch, as shown in Fig. 3(b). Both magnetic
currents, Jm1 and Jm2 , point toward the y-axis. For Ant. 2, the two
magnetic currents are placed above the reflector by a distance h 2 .
 and
Based on the image theory, two image magnetic currents, Jm1
 , can replace the metal ‘mirror.’ Therefore, Ant. 2 is modeled
Jm2
as an equivalent four-element magnetic current array, as illustrated
in Fig. 3(c). Jm1 and Jm2 construct the element of this array. Image
 and J  , are separated from J
magnetic currents, Jm1
m1 and Jm2
m2
by a distance of 2 × h e f f . Although the value of the physical height
of h 2 is fixed, the effective electrical length h e f f = h 2 /(c/ f ) is
varied with frequency f (c represents the velocity of light), which
affects the element spacing of this array. Thus, the array factor and
its radiation pattern will vary with f . The h eff satisfies 0 < h e f f <
λ0 /4 in the operating band (λ0 represents the free space wavelength at
frequency f ). When the frequency increases, the maximum realized
gain along the z-axis of Ant. 1 has the opposite variation trend with
that of the array factor. Since the total radiation pattern of the array
is equal to the product of the radiation pattern of the element and the
array factor, the realized gain compensation of Ant. 1 is achieved.
Simulated S-parameters and realized gains of Ant. 1 and Ant. 2 are
given in Fig. 3(d). Compared with Ant. 1, the realized gain of Ant. 2
in the lower band is significantly increased and in-band realized gain
variation of the SCMSA is reduced from 3 to 1.7 dB.
Although Ant. 2 realizes better gain stability with the reflector,
it exhibits decayed impedance bandwidth with |S11 | higher than
−10 dB from 4.2 to 4.5 GHz, as illustrated in the blue curve of
Fig. 3(d). Meanwhile, there also appears a hollow region in the
realized gain curve of Ant. 2 and it has the lowest realized gain
of 8.1 dBi at 4.5 GHz. The simulated complex magnitude E-field
distributions in the ground plane and radiation patterns in x-z plane
of Ant. 1 and Ant. 2 are reported in Fig. 4. Here, in addition to the two
main equivalent magnetic currents (Jm1 , Jm2 ) of the radiating patch,
the equivalent magnetic current Js of the coupling slot should also be
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Fig. 4. Simulated complex magnitude E-field distributions in Ground plane
at 4.5 GHz. (a) Ant. 1. (b) Ant. 2.

Fig. 6. Simulated |S11 | and realized gains of the proposed design when the
size W and height h 2 of the reflector varies. (a) and (b) W is 150, 180, and
210 mm. (c) and (d) h 2 is 4, 6, and 8 mm.

Fig. 5. Comparison between Ant. 2 and the proposed antenna. (a) Top view
and side view of the proposed antenna. (b) Simulated complex magnitude
E-field distributions in Ground plane at 4.5 GHz of the proposed antenna.
(c) Simulated |S11 | and realized gains of Ant. 2 and the proposed antenna.

taken into consideration. From the comparisons of Fig. 4(a) and (b),
it is seen that the E-field distributions around the coupling slot in
Ant. 1 are much stronger than that in Ant. 2. It can be explained as
follows: the reflector behaves as the series capacitance [30] when it
is close to the ground of the SCMSA. Thus, the matching between
the coupling slot and the radiating patch is disturbed, leading to the
mismatching of Ant. 2 and the weaker Js . In the higher frequencies,
such as 4.5 GHz, the electrical distance between Jm1 and Jm2 larger
than 0.8 wavelength (PW = 53.6 mm) brings higher sidelobe levels
on the radiation patterns. Since Js is located between Jm1 and Jm2 ,
the SCMSA can be regarded as a three-element magnetic current
model with smaller element spacing. Therefore, the sidelobes can be
suppressed and more radiating energy will be concentrated in the
main beam direction. For Ant. 2, the weaker Js at around 4.5 GHz
results in the higher sidelobe levels, decreasing the realized gain of
the antenna along +z-axis.
The reflector in Ant. 2 enhances the realized gain in the lower band,
but it worsens antenna performances around 4.5 GHz. To address this
issue, the other critical part of the RPSS, i.e., two vertical sidewalls,
is added to construct the proposed design, as shown in Fig. 5(a).
Simulated S-parameters and realized gains of Ant. 2 and the proposed

design are presented in Fig. 5(c). These two sidewalls provide
shorting boundaries and construct a resonant cavity that can improve
the excitation of the coupling slot, removing the mismatching effect
of the reflector. Moreover, the sidewalls operate as the equivalent
inductance, alleviating the parasitic capacitance mentioned above.
Thus, the proposed design obtains a wide impedance bandwidth.
As a result, the E-field distributions of the proposed one at 4.5 GHz
around the coupling slot in Fig. 5(b) become stronger than that
in Ant. 2 [Fig. 4(b)], leading to lower sidelobes levels. Hence,
the hollow region around 4.5 GHz in the realized gain curve of
Ant. 2 is eliminated and a tiny realized gain variation of 0.6 dB
is realized. Compared with the Ant. 1 with the impedance bandwidth
of 3.71–4.9 GHz and the gain of 6.9–9.9 dBi, the proposed design
achieves similar wide bandwidth of 3.77–4.8 GHz, high and stable
realized gain of 10.4–11 dBi.
Some structural parameters of the RPSS are investigated to find
their effects on the impedance bandwidth and realized gain of the
proposed design. Studies about the size W and height h 2 of the reflector in the proposed design are reported in Fig. 6. When W is swept
from 150 mm (2.25λ at 4.5 GHz) to 210 mm (3.15λ at 4.5 GHz), the
|S11 | and the realized gain have a slight change, demonstrating that
RPSS is suitable for application scenarios requiring different sizes of
the metal reflector. When h 2 is swept from 8 to 4 mm, the −10 dB
bandwidth becomes narrower, and the realized gain of the higher
frequency decreases dramatically. The smaller the distance between
the reflector and the SCMSA, the worse the excitation of the coupling
slot is. This phenomenon is consistent with the previous analysis.
Fig. 7(a) and (b) investigate the influences of the distance L 1 between
two sidewalls in the proposed design. Smaller L 1 leads to worse |S11 |
and realized gain. It is because when sidewalls move closer to the
coupling slot, they will greatly affect the matching performance of
the slot. As reported in Fig. 7(c) and (d), when the length L 2 of
the sidewall varies from 49 to 65 mm, better impedance bandwidth
and enhanced realized gain are obtained. After the comprehensive
consideration on bandwidths, gain enhancement and gain stability,
W = 180 mm, h 2 = 6 mm, L 1 = 46 mm and L 2 = 57 mm is
chosen finally.
.
IV. FABRICATION AND M EASUREMENT
To validate the proposed RPSS, prototypes of Ant. 1 (the referenced SCMSA), Ant. 2 (Ant. 1 adding the reflector), and the proposed
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Fig. 9. Measured (a) |S11 | and (b) realized gains of Ant. 1, Ant. 2, and the
proposed antenna.

Fig. 7. Simulated |S11 | and realized gains of the proposed design when
the distance L 1 between two sidewalls and length L 2 of the sidewalls varies.
(a) and (b) L 1 is 38, 46, and 54 mm. (c) and (d) L 2 is 49, 57, and 65 mm.

Fig. 10. Simulated and measured (a) efficiencies and (b) FBR of Ant. 1,
Ant. 2, and the proposed antenna.

Fig. 8. Photograph of the fabricated proposed design. (a) Top view and
(b) bottom view of the referenced SCMSA. (c) 3-D view of the RPSS.
(d) Overall view of the proposed design.

design (Ant. 1 adding the RPSS) are fabricated based on the optimal
structural parameters in Table I. Fig. 8(a) and (b) represent the top
and bottom views of Ant. 1. A semigrid cable is used to feed the
SCMSA, with the out conductor soldered on the ground and the inner
conductor soldered on the central feeding line. In Fig. 8(c), the 3-D
view of the reflector-to-sidewall structure is shown. By assembling the
Ant. 1 with the reflector through nylon screws, Ant. 2 is constructed.
Fig. 8(d) presents the overall view of the proposed design, which
is fabricated by soldering the RPSS with Ant. 1. Agilent N9917A
vector network analyzer is utilized to analyze the S-parameters of
these three antennas and their radiation performances are tested in a
far-field microwave anechoic chamber. The measured S-parameters,
realized gains, efficiencies, and FBRs of three prototypes are depicted
in Figs. 9 and 10, showing a good consistency with the simulated
results. Ant. 1 achieves the measured −10 dB impedance bandwidth
of 27.8% (3.71–4.91 GHz), within which its realized gain ranges
from 6 to 10.1 dBi with a variation of 4.1 dB. The effect of the
reflector deteriorates the impedance matching of Ant. 2 and there
appears a mismatched region within the band of 3.84–4.89 GHz.
The realized gain is 8–10 dBi and with a variation of 2 dB.
For the proposed design, a measured impedance bandwidth covers
from 3.75 to 4.81 GHz (24.8%). The realized gain varies from
10.5 to 11 dBi and with the smallest realized gain variation of 0.5 dB.
In Fig. 9(b), compared with Ant. 1, the proposed one achieves the
maximum realized gain increment of 4.3 dB at 3.75 GHz and an

Fig. 11.
Simulated and measured normalized radiation patterns of the
proposed design. (a) E-plane at 4 GHz. (b) H-plane at 4 GHz. (c) E-plane at
4.7 GHz. (d) H-plane at 4.7 GHz.

average realized gain increment of 2.1 dB over the entire operating
band. Fig. 10(a) indicates that the measured average efficiency of
the proposed design about 86% is achieved and the maximum value
is 92% at 3.9 GHz. The above comparisons among experimental
results of three prototypes indicate that the proposed realized gain
stabilization method, i.e., the RPSS, can significantly reduce the
realized gain variation and enhance the in-band realized gain, with
no obvious deterioration on the wideband performance and radiation
efficiency. In Fig. 10(b), the measured average FBR of Ant. 1 is
about 15 dB. Since the reflector suppresses the backward radiation
of the coupling slot, Ant. 2 and the proposed design realize higher
measured average FBRs of 20 and 25 dB, with the maximum values
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TABLE II
P ERFORMANCE C OMPARISON W ITH O THER W IDEBAND SCMSA S

of 25.7 and 31.5 dB, respectively. Fig. 11 presents the simulated
and measured normalized radiation patterns of the proposed design
at 4 and 4.7 GHz. It is seen that simulation results agree well
with measurement ones. The measured cross-polarization levels at
two frequencies are better than −24 and −25 dB for E-plane and
H-plane in broadside direction, respectively. The proposed structure
achieves broadside radiation in the main beam direction and exhibits
stable radiation patterns in the whole operating band. The discrepancy
between simulated and measured results is caused by permittivity
error of fabricated substrate, effects of measurement equipment, and
conditions. Table II compares the performances of the proposed
design and other existing wideband SCMSAs to highlight the merits
and advantages of the RPSS. Compared with [28], the proposed
one achieves higher realized gain, better FBR, and less metasurface
layer, paying the price of larger element volume. It depicts that the
RPSS can effectively increase the gain, improve the gain stability,
and enhance the FBR of the SCMSA.
V. C ONCLUSION
In this work, to stabilize the realized gain of an SCMSA over
its entire impedance bandwidth, we utilize a feasible method,
i.e., the properly designed RPSS that contains a metal reflector and
two vertical metal sidewalls. The addition of the reflector contributes
to the construction of an equivalent four-element current model on the
basis of image theory, compensating for the realized gain variation
to some extent. The deterioration on the excitation of the coupling
slot caused by the reflector can be eliminated by two sidewalls.
By optimizing the sidewalls’ size and position, a larger distance
between two main radiating magnetic currents can be achieved, leading to higher and flatter realized gain. Compared with the referenced
wideband SCMSA with a measured relative bandwidth of 27.8% and
the in-band realized gain variation of 4.1 dB, the proposed one adding
the RPSS achieves a similar measured wide bandwidth of 24.8%
and the in-band realized gain variation of 0.5 dB. The average realized
gain increment is 2.1 dB. The proposed RPSS provides an effective
and widely applicable method for the gain stabilization and increment
of the SCMSA in a relatively wide frequency range.
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