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ABSTRACT This paper presents a broadband filtering patch antenna. This antenna consists of a rectangular
patch, a rectangular ground plane, and an upright substrate. A coplanar waveguide (CPW) with T-probe is
printed on the front side of the substrate, which can engender the broadband characteristic. On the back side,
two transverse stubs cross the slots of CPW. The two transverse stubs can not only broaden the bandwidth
but also improve the selectivity of the realized gain and reflection coefficient. Two U-slots are etched on the
patch for providing a radiation null at the lower band edge as well as increasing the selectivity of out-ofband edge. Ultimately, an impedance bandwidth of 71.17% (2.48–5.22 GHz) and an average realized gain
of 4.2 dBi are obtained. Moreover, two radiation nulls occur at 2.25 and 5.3 GHz. The simulated results are
in good agreement with the measured results.
INDEX TERMS Filtering antenna, broadband antenna, band-edge selectivity, radiation null.
I. INTRODUCTION

Antennas and filters are important components of RF frontend circuit, whose natures determine the performance of the
whole communication system. With the rapid development of
communication industry, component integration has attracted
wide publicity. As the combination of antennas and filters,
filtering antennas have obtained more and more attention in
recent years.
In the past few years, many filtering antennas have been
proposed. The common method is using radiator of antenna
to replace the last stage of filter resonant structure [1]–[13].
However, the extra filtering structure in some design brings
in insertion loss inevitably, which reduces the efficiency and
gain of antennas. Therefore, some designs without extra circuit were proposed [14]–[17]. However, the above-reported
filtering antennas are restricted to narrower bandwidth, of
which the bandwidth is less than 30%. Although the problems of sizes and gains have been solved, the bandwidths of
antennas need to be broadened.
Broadband technology is a crucial tendency in contemporary wireless communication owing to considerable technological superiorities, such as high transmission
rate, improving the available band utilization, and so on.
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Hence broadband antennas [18]–[27] have been one of
hot research directions. But in most reported filtering
antenna designs, the bandwidths are less than 30% and
only a few designs can attain broad bandwidth of more
than 50% [5], [28]. It is still a challenge to design broadband
filtering antennas.
In this paper, a broadband filtering patch antenna is presented. A rectangle ground plane, an upright feeding network and a rectangle patch are utilized to constitute this
design. This antenna has a considerable impedance bandwidth of 71.17% (2.48-5.22 GHz) and an average realized
gain of 4.2 dBi with filtering performance. By the combination of two transverse stubs and U-slots, two radiation nulls
have appeared at the lower and upper band-edges and bandedge selectivity gets significant improvement.

II. BROADBAND PATCH ANTENNA DESIGN
A. ANTENNA STRUCTURE

Fig. 1 demonstrates the geometry of the presented antenna.
Three main parts of this proposed antenna are a rectangular
patch, a rectangular ground plane and a FR4-epoxy substrate
(εr = 4.4, tan δ = 0.02) with printed feeding circuits. Two
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TABLE 1. Dimensions of the proposed antenna.

FIGURE 2. The geometry of reference antennas. (a) The top view of four
reference antennas. (b) Reference Antenna I: antenna only with CPW.
(c) Reference Antenna II: antenna with T-probe and CPW. (d) Reference
Antenna III: antenna with T-probe, CPW and shorter transverse stub.
(e) Reference Antenna IV: antenna with T-probe, CPW and two transverse
stubs.

FIGURE 1. The geometry of the proposed antenna. (a)The 3-D exploded
view. (b)The top view. (c) The feeding network.

U-slots are introduced in the patch for providing filtering
responses. The patch and the ground plane are placed on the
horizontal plane and the substrate is inserted perpendicularly
between them. Feeding network prints on both sides of the
substrate.
Fig. 1(c) shows the geometrical configuration of the feeding network. A T-probe is connected to the top of CPW on the
front side of the substrate. Two transverse stubs are printed on
the back side. A SMA connector is connected at the port for
excitation. All the dimensions are shown in Table 1.
B. ANTENNA MECHANISM

To explain the broadband characteristic and filtering characteristic, four reference antennas are put forward, which
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are (I) reference antenna only with CPW (without T-probe,
two transverse stubs and U-slots), (II) reference antenna
with CPW and T-probe, (III) reference antenna with CPW,
T-probe and shorter microstrip stub, (IV) reference antenna
with CPW, T-probe and two transverse stubs. Fig. 2 shows the
diagrams of the four reference antennas. The four antennas
have the same dimensions except the differences mentioned
above.
The corresponding reflection coefficients and realized
gains of reference antenna I and II are shown in Fig. 3.
The bandwidth of reference antenna I achieves 14.8%
(2.12-2.46 GHz) by CPW. In order to increase bandwidth,
a T-probe is attached to the top of the inner conductor of CPW.
It is known widely that L-probe in one of ways to increase
bandwidth [29], [30]. For making the radiation pattern symmetry, L-probe is changed to T-probe with good broadband
characteristic. It can be observed that the impedance bandwidth is broadened significantly by adding T-probe to the top
of the inner conductor, which achieves a bandwidth of 63%
(2.23-4.28 GHz). The realized gain (θ = 36◦ , ϕ = 90◦ )
within the passband is enhanced accordingly.
Next, to extend the impedance bandwidth and improve the
selectivity of the upper band-edge, a shorter transverse stub
is introduced on the back side of the substrate, i.e., reference antenna III, as shown in Fig. 2(d). The corresponding
reflection coefficient and realized gain are shown in Fig. 4.
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FIGURE 3. Simulated reflection coefficients and realized gains of the
reference antennas I and II.

FIGURE 4. Simulated reflection coefficients and realized gains of the
reference antennas II and III.

Firstly, further improvement of the bandwidth is achieved. In
contrast with reference antenna II, the bandwidth of reference
antenna III is 80% (2.22-5.20 GHz). Moreover, the roll-off
rate of reflection coefficient at the upper band-edge gets
optimized distinctly. Compared with reference antenna II,
a radiation null is realized at 5.25 GHz, which enhances the
selectivity of the upper band-edge. For illuminating the principle of generating the radiation null, the current distribution
of the feeding network of reference antenna III is exhibited
in Fig. 7(a). The red region denotes the place where current is
stronger, and the blue region indicates weaker area. As shown
in the picture, a strong inductive current is aroused on the
transverse stub, which makes the current distribution on
T-probe weak. The reason for this is that the signal of CPW is
transmitted through two slots between the inner and the outer
conductor so the electric fields in two slots are stronger. When
the transverse stub crosses the slots of CPW symmetrically,
induced current is generated on the transverse stub. In [13],
transverse stubs are loaded on left and right sides of the main
7504

FIGURE 5. Simulated reflection coefficients and realized gains of the
reference antennas III and IV.

transmission line directly and the transverse stubs are about
a quarter wavelength of corresponding resonant frequency.
In this paper, transverse stubs are printed on the back side of
the substrate, so the electric length of the transverse stub has
also changed. According to Fig. 7(a) and calculation, it can
be found that a half of length of the transverse stub (d3 /2) is
set to be about half wavelength at the upper frequency bandedge (5.25 GHz) to produce the radiation null. The reason for
adopting a half of length of the transverse stub is that two slots
are located in the middle of the stub. Finally, the current on
patch is reduced, which produces the radiation null.
Similarly, for the goal of improving the selectivity at the
lower band-edge, a longer transverse stub is added under the
short one. To ensure that the gain in passband is flat relatively,
the radiation null is set up at about 2.5 GHz. It can be seen
from Fig. 7(b) that stronger current focuses on the longer
transverse stub. The shorter transverse stub cannot be excited
at this frequency because of the different length. As shown
in Fig. 5, although the roll-off rate of reflection coefficient
gets amelioration at the lower band-edge, the realized gain
drops by only 0.9 dBi compared with reference antenna III at
2.48 GHz, which does not achieve the desired goal. The major
cause for this is that the transverse stub is too long to form a
strong current. The longer transverse stub is still preserved
because of the improvement of the roll-off rate of reflection
coefficient at the lower band-edge.
For further improving the selectivity of realized gain at
lower band-edge, two U-slots are etched on the patch [14].
The reflection coefficients, realized gains and the surface
current distribution on the patch display in Figs. 6 and 8. At
2.33 GHz, namely, the frequency of radiation null, stronger
currents are distributed along two U-slots, which optimizes
the roll-off rate of realized gain. Meanwhile, the selectivity of reflection coefficient at out-of-band-edge is enhanced
obviously. The sizes of the two U-slots are adjusted carefully
so that roll-off rate can be well connected between in-bandedge and out-of-band-edge. For achieving flat realized gain
in passband, the radiation null is set at 2.33 GHz. It is noted
VOLUME 7, 2019
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FIGURE 6. Simulated reflection coefficients and realized gains of the
reference antenna IV and the presented antenna.

FIGURE 9. Effect of the parameter d3 on (a) reflection coefficients,
(b) realized gains.

FIGURE 7. The current distribution of feeding network (a) at 5.25 GHz,
(b) at 2.48 GHz.

radiation null could be moved to a lower frequency to solve
this problem.
III. PARAMETER SWEEP

For further explaining the properties of the antenna, the key
parameters were studied by using HFSS.
A. EFFECT OF THE SHORTER TRANSVERSE STUB

FIGURE 8. The current distribution of patch at 2.33 GHz.

that there is still a resonance at 2.15 GHz. The reason for
this situation is that the radiation null is set at 2.33 GHz as
well as reflection coefficient and realized gain at 2.15 GHz
is unaffected. By changing the length of the U-slots, the
VOLUME 7, 2019

As mentioned above, a half of length of the transverse stub
(d3 /2) is about a half of wavelength at the upper band-edge
radiation null. Therefore, the length of d3 was analyzed to
show its influence. Fig. 9 exhibits the simulated reflection
coefficients and realized gains with different d3 . As expected,
the upper band radiation null shifts to lower frequencies with
the increase of d3 , but the lower band-edge radiation null
remains almost unchanged. Moreover, the upper band-edge of
reflection coefficients moves to lower frequencies along with
the changes of radiation null. In order to maximize bandwidth
while ensuring the continuity of bandwidth, the middle value
of d3 = 31 mm is used.
B. EFFECT OF THE LONGER TRANSVERSE STUB

Same as the shorter transverse stub, the length of the longer
transverse stub is discussed in this part. The length of the
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FIGURE 10. Effect of the parameter d6 on (a) reflection coefficients,
(b) realized gains.

longer transverse stub is controlled by adjusting d6 . The effect
of different lengths of the longer transverse stubs is shown
in Fig. 10. It can be seen that lower band-edge shifts to lower
frequencies as d6 increases from 13 to 15 mm.
Meanwhile, the slight decrease in realized gain mentioned
above also moves to lower frequencies as the d6 increases,
which validates the proposed point. It is worth mentioning
that changing d6 has an impact on realized gain at about
4.55 GHz, which influences the gain curve flatness. The
reason for the decrease in realized gain at 4.55 GHz is that
the length is about a wavelength at this frequency, which
leads to a stronger induced current on the longer transverse
stub. By considering the continuity of the lower band-edge of
the gain curve, the inhibition extent of radiation null and the
flatness of the gain curve, d6 = 14 mm is taken.

FIGURE 11. Effect of the parameter l3 on (a) reflection coefficients,
(b) realized gains.

FIGURE 12. The photographs of the proposed antenna and the feeding
network.

the figures that the radiation null moves to lower frequencies
as l3 increases. With regard to reflection coefficients, the variation tendency at lower out-of-band-edge is the same change
as realized gains. Finally, l3 = 14.2 mm was adopted for
optimum results.

C. EFFECT OF U-SLOTS

Then, the effect of U-slots was investigated. The frequency
of radiation null is determined by the length of U-slots [14].
For convenience of observation, the length of the U-slots is
controlled by l3 . The corresponding reflection coefficients
and realized gains are depicted in Fig. 11. It can be seen from
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IV. SIMULATED AND MEASURED RESULTS

In order to verify the feasibility of the design, a prototype of
the antenna has been fabricated and tested. Reflection coefficients, realized gains and radiation patterns are obtained by
vector network analyzer and anechoic chamber. Fig. 12 shows
VOLUME 7, 2019
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FIGURE 13. The simulated and measured reflection coefficients of the
proposed antenna.

the photographs of the assembled antenna and the feeding
network.
It is worth mentioning that the patch and the ground plane
are made of copper whose thickness is 0.5 mm. Two additional plastic screws are used to fix the patch and the ground
plane.
A. REFLECTION COEFFICIENTS

The simulated and measured reflection coefficients are shown
in Fig. 13. It can be seen from the figure that the measured
impedance bandwidth (|S11| < −10 dB) is given by 71.17%
(2.48-5.22 GHz), agreeing reasonably with the simulated
value of 71.19% (2.47-5.20 GHz). The measured roll-off rate
of lower band-edge is a little weaker than simulation result
and the resonance at 2.15 GHz breaks through −10 dB, which
is caused by fabricated error.

FIGURE 14. Simulated and measured radiation patterns of the antenna in
x-z plane and y-z plane at (a) 2.6 GHz, (b) 4.0 GHz, (c) 5.1 GHz.

B. RADIATION PATTERNS

In order to observe the whole passband situation, 2.6 GHz,
4.0 GHz and 5.1 GHz are selected, which are located in the
lower, middle and upper band, respectively. The simulated
and measured radiation patterns of the proposed antenna are
shown in Fig. 14. It can be observed that stable conical radiation characteristics are obtained across the entire passband.
Maximum radiation beam is at the elevation angles of θ =
36◦ approximately. The discrepancies of the cross-polarized
field are caused by soldering of the SMA connector.
C. GAINS

Fig. 15 depicts the simulated and measured realized gains
verse frequency of the proposed antenna. The angles
appeared in the curves are θ = 36◦ , ϕ = 90◦ , which are
the maximum radiation direction in passband. Two measured
radiation nulls appear at 2.25 GHz and 5.3 GHz, which is
consistent with the simulation. The measured average realized gain is 4.2 dBi across the passband, which slightly
lower than simulation results of 5.4 dBi. The simulated and
measured average realized gains are obtained by calculating
VOLUME 7, 2019

FIGURE 15. The simulated and measured realized gains.

the average of sampling points in passband (2.47-5.20 GHz
for simulation and 2.50-5.20 GHz for measurement) and the
sampling intervals are 10 MHz for simulation and 50 MHz
for measurement respectively.
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TABLE 2. Comparisons of the proposed antenna with other referenced
prototypes.

V. CONCLUSION

A broadband filtering patch antenna has been investigated in
this paper. The combination of CPW and T-probe is used to
increase bandwidth. Two transverse stubs are added to the
back side of substrate for further increasing bandwidth and
forming radiation null at upper band-edge. Two U-slots are
etched on the patch to form radiation null at lower band-edge.
In order to verification, a prototype was designed, fabricated
and tested. The prototype has a 10-dB impedance bandwidth
of 71.17% and an average realized gain of 4.2 dBi. Two
radiation nulls appear at 2.25 GHz and 5.3 GHz, achieving
band-edge selectivity.
Table 2 lists the comparisons of the proposed antenna with
other referenced prototypes. Compared with other filtering
antennas, this design has a proud 10-dB bandwidth and satisfactory average realized gain.
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