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Abstract — The proposed antenna presents a microstrip
filter antenna with both filter out-of-band rejection
characteristics and antenna radiation characteristics for
WLAN communication system. The antenna consists of
four U-shaped microstrip resonators, one I'-shaped an-
tenna, and one parallel coupling line. The I'-shaped an-
tenna has the filtering function as the last order resonator,
and the parallel coupling line integrates the filter and
antenna as the conductance converter. After simulation
and test, the results show that the center frequency of
the filter antenna is 5.25 GHz, the fractional bandwidth
is 8.0% (5.0 —5.42 GHz), the in-band gain changes
smoothly, the maximum in-band gain is 3.059 dBi, the
gain at 150 MHz outside the passband rapidly decreases
to 10.0 dBi, and the overall out-of-band gain drops to
below —24 dBi. The filter antenna has a simple structure
and thin substrate, which optimizes the overall size of the
filter and antenna, reduces the transmission loss between
them, and is applicable to the RF front-end of wireless
communication systems.

Index Terms — compact design; filter antenna; microstrip
antenna; WLAN communication system

L. INTRODUCTION

In recent years, the rapid development of wireless
communications has led to an exponential growth in the
demand for passive devices. As one of the most widely
used wireless communication systems, WLAN technol-
ogy has become more and more mature. The data trans-
mission rate in the 5.0-GHz band (5.15 — 5.35 GHz) of
the IEEE802.11a standard is relatively high, so it is able
to meet the needs of most high-speed communications
and, therefore, has been widely used. As an important
part of wireless communication system, antennas and fil-
ters play a very important role in the performance of the
whole wireless communication system, but their size is
often much larger than other devices. If antennas and

Submitted On: January 16, 2022
Accepted On: October 30, 2022

filters are integrated in a compact module that provides
both radiation and filtering functions, the size of the com-
munication system could be effectively reduced and the
communication quality could be improved by reducing
mutual interference. Therefore, filtering antennas [[1]] that
combine filters and antennas closely together have been
widely studied.

In the traditional design method of filtering antenna,
the antenna and filter are designed separately based on
the reference impedance, which is 50 Q or 75 Q, and then
they are connected directly because they share a common
characteristic impedance. However, this will easily cause
impedance mismatch and increase the insertion loss of
the circuit, leading to the deterioration of the entire sys-
tem. To eliminate this problem, an additional structure
for impedance transformation is used between the filter
and the antenna [2, 3]], so that the filter can be correctly
integrated with the antenna in the required bandwidth
with good impedance matching. However, this structure
increases the circuit area and transmission loss in the
frequency range. Also, Bailey proposed a microstrip an-
tenna with filtering characteristics by coupling four lay-
ers of patches to each other [4]. However, none of the
above methods use an integrated design approach and
there is no generality. In 2016, Fakharian et al. pro-
posed an open/short-ended digital E-type resonator by
using two integrated PIN diodes and realized the cou-
pling connection between the filter and the antenna [3]],
but it cannot be printed directly. Moreover, the method
of deploying simple parasitic elements was proposed to
expand the working bandwidth of the antenna by improv-
ing the roll-off performance of the upper edge of the ra-
diator and the selectivity of the upper and lower edges
[6-8]. Nevertheless, the above antenna only has one
polarization.

More advanced filtering antennas based on the
substrate integrated waveguide were proposed in [9)
10] and they have shown good filtering effects, but
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manufacturing the antenna becomes more difficult and
requires a much higher cost. Although the comprehen-
sive design method is adopted, the coupling structure
between the antenna and filter is more complicated and
manufacturing it is not easy [11]. In addition, a filter an-
tenna consisting of a sector patch antenna and a band-
pass filter is proposed in [12], which has a smooth in-
band gain but very limited out-of-band rejection. More
recently, a 2 x 2 integrated filtering antenna array with
good out-of-band suppression characteristics was pro-
posed, but unfortunately, its impedance bandwidth can-
not cover the entire 5.0-GHz band of the WLAN com-
munication system [[13]].

Given the above problems, this paper proposes a
new type of microstrip filtering antenna for WLAN com-
munication systems. The filtering antenna is designed
through a comprehensive design method and integrates
four U-shaped open-loop resonators, a I'-shaped an-
tenna, and a section of coupling line. The I'-shaped an-
tenna, as the last resonator of the filter, has both radi-
ation characteristics and filtering characteristics. Sim-
ulation and measurement results show that the filter-
ing antenna has a center frequency of 5.25 GHz and
a maximum gain of 3.059 dBi. Also, it has a gentle
change of in-band gain and the maximum gain differ-
ence is 0.7 dBi. Furthermore, its out-of-band gain can
decrease rapidly and stabilize at —24 dBi finally, show-
ing an excellent filtering feature. The filtering antenna
not only presents good radiation and filtering characteris-
tics, but also has a compact size. The overall size is 41.49
mm X 26.25 mm x 0.288 mm, which is much smaller
than that of other structures [13]]-[15]]. With the attrac-
tive performance, the filtering antenna could be very
useful in the 5.0-GHz band of WLAN communication
system.

II. CONFIGURATION OF ANTENNA
A. Filter selection

An open-circuit resonator with a length that is an
integer multiple of the half wavelength has the charac-
teristics of a parallel resonant circuit. To realize the in-
tegrated design of the filtering antenna, the U-shaped fil-
ter is selected. The filter has a compact structure with
good indicators and has been widely used in RF and mi-
crowave engineering. Moreover, the U-shaped filter uses
a traditional open-loop resonator as the basic resonance
unit and the open-loop resonator is equivalent to a half-
wavelength resonator. A fifth-order bandpass filter is de-
signed by using the design method of integrated filter.
The filter has a center frequency of 5.25 GHz, a fractal
bandwidth of 10.0%, and a ripple coefficient of 0.01 dB,
respectively. The dielectric plate is Rogers 5880 with a
dielectric constant of 2.2 and a plate thickness of 0.254
mm. The coupling coefficient C of the resonator and the

ACES JOURNAL, Vol. 37, No. 9, September 2022

Table 1: Chebyshev Normalized Component Values

n 81 82 83 84 85 86
1 0.096 1.0

2 0.4489 0.4078 1.0

3 0.6292 0.9703 0.6292 1.0

4 0.7129 1.2004 1.3213 0.6476 1.0

5 0.7563 1.3049 1.5773 1.3049 0.7563 1.0

external quality factor Q,,; at the input and output can be
calculated by [16].

FBW
V8i8i+1 ’
B8
In the above equations, C; ;1 represents the coupling co-
efficient between i-th and (i+ 1)-th resonators, FBW rep-
resents the fractal bandwidth, and g; with gg = 1 rep-
resent the Chebyshev normalized component values as
shown in TableE] [16], where Qe i represents the exter-
nal figure of merit at the input and Q. o Tepresents the
external figure of merit at the output, respectively. From
the formulas, we can obtain the coupling coefficients as
Cip =C45 =0.1 and Cy3 = C34 = 0.07, and the Q-factors
at the input and output as Qey.in = Qext,owe = 1.56, re-
spectively.

e))

Ciiv1=

Qext,in =

Qext,out =

B. Determination of the filter’s sizes

To determine the physical sizes of the open-loop res-
onator, a single-port simulation model is created by us-
ing the well-known simulation tool HFSS, and the sim-
ulation is performed in an eigenmode. The resonant fre-
quencies of the resonator with different values of L; are
obtained and shown in Fig. [1| It can be seen from the
figure that the resonant frequency decreases as the length
of the resonator increases. To achieve a resonant fre-
quency of 5.25 GHz, the length L; of the resonator is
initially set to be 8.18 mm.

After the length of the resonator is set, the coupling
coefficient between the resonator and the external quality
factor of the output resonator is extracted by the com-
prehensive design method, and then the specific sizes
of the filter can be determined with the simulations of
HFSS. For mutual coupling resonators, the required cou-
pling coefficient can be obtained by adjusting the cou-
pling structure’s parameters. Because the U-shaped filter
keeps aligned up and down, the coupling strength of the
resonators is determined by the size of gap between the
resonators. The coupling coefficient C can be calculated
by [16].
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Fig. 1. Change of resonant frequency in terms of L.

«— Feeder

Resonator

0] C

Resonator 1 Resonator 2,
Feeder 1 Feeder2

(a) (b)

Fig. 2. Simulated parameters for (a) the gap of resonators
S and (b) the tap position 7.

where fy and f; are the upper and lower resonant fre-
quency of the coupled resonator, respectively. Also, the
center frequency is f. = +/fg fr and the coupling coeffi-
cient is positively related to the distance between the two
resonance peaks [17].

A simulation is performed with the length of L| =
8.18 mm and the simulation model is shown in Fig. [2] (a).
The relationship between the gap of filtering resonators
and the coupling coefficient is obtained and shown in
Fig. 3] It can be seen that the coupling coefficient in-
creases as the coupling gap decreases. When the gap be-
tween the resonators is 0.23 mm and 0.34 mm, the cor-
responding resonance curves are shown in Fig. ] The
calculated coupling coefficients are 0.1 and 0.07, respec-
tively, which can meet the need very well.

Because the fractal bandwidth of the filter is de-
signed to be 10.0%, which is relatively wide, and the
traditional slot-coupled feeding structure is thought of as
complicated, we use a tap line to feed directly in the filter
design so that the external figure of merit can be adjusted
by changing the parameters of feeding structure. The ex-
ternal figure of merit of a resonator is mainly determined
by the tap’s feeding position at both ends in the filter.
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Fig. 3. Relationship between the gap of resonators S and
coupling coefficient C.
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Fig. 4. Resonant responses of the two open-loop res-
onators.

To obtain the required figure of merit, a single-port sim-
ulation is performed with a single resonator and the sim-
ulation model is shown in Fig.[2] (b). The external figure
of merit Q. is calculated by [16]].

fo

Qe = 57— 5)
where fj represents the resonant frequency of the res-
onator and Afyigoe represents the difference of frequen-
cies corresponding to the phases of higher and lower 90°
than the phase at fy. When the resonator’s length is de-
termined, the single-port simulations are performed by
taking different values for the tap position 7. The chang-
ing curve of the external quality factor Q. in terms of
the tap position T is shown in Fig. [ and it can be seen
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Fig. 6. Amplitude and phase of S;; when T = 0.09 mm.

that Q. is inversely related to 7. When 7 = 0.09 mm,
the changing curve of the amplitude and phase of the Sy,
is shown in Fig. [§] According to Equation (), the ex-
ternal figure of merit is 7.60, which basically meets the
requirement.

C. Optimization of the filter

In the previous design and analysis, the structural
parameters of the filter are preliminarily determined, i.e.,
the resonator’s length is L; = 8.18 mm, the tap position
is T = 0.09 mm, and the coupling gaps are §; = 0.23
mm and S> = 0.34 mm, respectively. The model of ini-
tial filter is established in the HFSS and then optimized
for each structural parameter. The optimized structure is
shown in Fig.[7]and its S-parameter is plotted in Fig.[8] It
can be seen that the range of —10 dB bandwidth is from
5.03 GHz to 5.57 GHz, the center frequency is 5.25 GHz,
the reflection coefficient is greater than —15 dB, and the
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Fig. 7. Structure of the optimized filter.
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Fig. 8. S parameter of the optimized fifth-order filter.

insertion loss is less than —1.5 dB, which can meet the
design requirements fully.

D. I'-shaped antenna and its integration with the filter

The I'-shaped antenna is a deformed monopole an-
tenna, the structure and equivalent circuit of which are
shown in Fig. [0] In the figure, R, is the radiation resis-
tance of the antenna, C, is the resonance capacitance, L,
is the resonance inductance, and C, is the added par-
allel capacitance which is used to maintain the same
impedance characteristic as that of the antenna in a wider
bandwidth [[17]]. The antenna and the filter’s circuit board
have a common ground, and an impedance conversion
line is connected to the microstrip antenna. The line can
adjust the resonance characteristic of the antenna at 5.25
GHz and the antenna actually becomes the last resonator
of the filter. The antenna needs to have the same figure
of merit Q,,; as the filter, and the external figure of merit
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Fig. 9. Antenna part of the proposed filtering antenna. (a)
Structure. (b) Equivalent circuit.

Q. of the antenna can be extracted by [[17].
- f() d [Im(Z,-,,)]
Q.=
2Re[Zin(fo)]  df

where fj is the corresponding frequency with the maxi-
mum value of resistance and Z;, is the input impedance at
the antenna’s feeding point. The resonance frequency of
the I'-shaped antenna is determined by the total length of
L3, Lp4, and Lys, and it is approximately the half wave-
length at the center frequency. From the simulations, we
find that the current density in the vertical arm connected
to the coupling line is the strongest and it is shown in
Fig. Also, the length L3 can be adjusted to obtain
a matching figure of merit while keep the total length
unchanged approximately. After designing the bandpass
filter and the I'-shaped antenna, we then use a couple of

(6)

=

. Z
(Zoe,Zoo) 90 0

I
(2) ®)

Fig. 10. Current density distribution of the antenna.
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parallel coupling lines as an admittance transformer to
connect the filter with the antenna. The parallel coupling
lines and their equivalent circuit are shown in Fig.
[L18].

The parity analysis method is used to analyze the
parallel coupling lines. If the two structures have the
same electrical properties, the ABCD matrices of the two
structures should be equal. When the electrical length is
6 = 7, we can obtain the following relationship

Z
20 14020+ (J20)%, (7
Zy
ZOo o 2
200 1 —JZo+ (I20)?, @®)
Z
2FBW O
JZy = , 9
\/ 8485

where Zp, and Zy, are the even- and odd-mode
impedances, respectively, Zj is the input impedance, and
g4 and gs are the original values of the filter. The even-
and odd-mode impedances can be obtained when Zj is
given, and the physical dimensions of the parallel cou-
pling lines can then be determined. When all structural
parameters of the filtering antenna are determined, the
overall optimization can be performed in the HFSS. The
complete structure of the filtering antenna is shown in
Fig. [12] and it has three layers. The middle layer is the
substrate and the bottom of the substrate is a ground plate
which is made of copper. Also, the copper’s resonance
unit and the antenna are attached to the upper layer of the
substrate. The parameters of overall structure are shown
in Fig.[T3] and the specific values of those parameters are
listed in Table[2l

—— I I
Z - V4
(ZOe,ZOO) 0 -90 0
I

(@ (®)

Fig. 11. A couple of parallel coupling lines. (a) Structure.
(b) Equivalent circuit.

Table 2: Structural Parameters of the Filtering Antenna
(unit: mm)
L Ly, Ly Lot Lin Li2 Liz Ly Lxn
41.49 3159 5 047 8.17 823 8.3 2.34 9.66
Ly Ly Lys W W W Wi W2 8
984 534 234 2625 09 02 0.6 1.1 0.26
Y] S3 T B
037 0.18 008 5
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Fig. 14. Proposed filtering antenna. (a) Physical image.
(b) Size comparison.

Fig. 12. Complete structure of the filtering antenna.

L,
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Fig. 13. Structural parameters of the filtering antenna. (a)
Top view. (b) Back view.

III. PERFORMANCE OF THE FILTERING
ANTENNA

The physical PCB board of the filtering antenna is
manufactured according to the structural parameters ob-
tained from the optimization simulations and it is shown
in Fig. [T4} The S;; parameter and gain of the filtering
antenna are measured using a vector network analyzer
and the comparison between the simulation results and

0
-5
Lo
m -104
=z
—-15
©n
2204
-25 W ee-enTIIIIERA2S
——8,, simulation result T
-30 P ———— S,, test result r-30
35 foe-- -_-;‘:" ----- Gain simulation result - -35
----- Gain test results
-40 -40

T T T T T T T T T T T
40 42 44 46 48 50 52 54 56 58 60 62 64
Frequency/GHz

Fig. 15. §1; parameter and gain of the filter antenna.

measurement results are illustrated in Fig. From the
figure, we can see that the center frequency of the filter-
ing antenna is 5.25 GHz, the fractal bandwidth at —10.0
dB is 8.0% (5.0 — 5.42 GHz), and the return loss is lower
than —15.0 dB. There is a small frequency offset in the
measurement result due to the inevitable errors in the ex-
perimental setup and manufacturing of PCB board. In ad-
dition, the gain of the filtering antenna is 2.79 dBi at the
frequency of 5.25 GHz and the change of in-band gain
is gentle because the maximum deviation of gain is only
0.7 dBi. Outside the band, the gain drops to —10 dBi at
150 MHz and the gain drops overall to —24 dBi finally.

We also present the radiation patterns of the filtering
antenna at 5.25 GHz by simulations and they are shown
in Fig.[T6 In the XOY plane, there is an 8-shaped pattern
similar to that of a monopole antenna. Moreover, there
is a depression in the direction of 260° and it is mainly
caused by the coupling loss between the antenna’s end
and the ground plate.
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Fig. 16. Simulated radiation patterns of the filtering an-
tenna. (a) XOY plane. (b) YOZ plane.

Table 3: Comparison on the Performances od Antennas

Reference BW (GHz)  Size (mm)  Gain* (dBi)
[14] 3.1-10.6 40 x 30 3.05
[19] 3.5-5.97 49 x 37.85 4.177
[20] 5.15-5.825 64.3x34.8 35
[21] 5.15-5.825 98.93 x42.93 7.40
[22] 5.15-5.825 93.53 x 38.82 7.30
[23] 5.25-535  21.075x 17  3.93-445

This work 5-5.42 41.49 x 26.25 3.059

*The gain is obtained in the band of 5 —5.42 GHz.

We compare the antenna proposed in this paper with
the typical antennas proposed in previous papers and the
result is shown in Table[3] It can be seen that the filter an-
tenna proposed in this paper has higher gain than the an-
tenna proposed in [14]], much smaller physical size than
those antennas proposed in [19]-[22], and wider band-
width than the antenna proposed in [23]]. The bandwidth
of proposed antenna can cover the 5.0- GHz band to meet
the requirements of practical applications.

IV. CONCLUSION

This paper proposes a microstrip filtering antenna
for WLAN communication system in the 5.0-GHz band
by using an integration design method of filters. The
antenna becomes the fifth-order resonator of the filter
through the integration of parallel coupling lines, which
realize the combination of antenna’s radiation property
and filter’s out-of-band rejection characteristic. The sim-
ulation and measurement results show that the filtering
antenna has a smooth in-band gain and good out-of-band
suppression feature. Also, the antenna has a compact
structure whose overall size is much smaller than that of
other structures. Based on the excellent performance, the
proposed filtering antenna can be a good candidate for
WLAN communication system in the 5.0-GHz working
band.
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