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Abstract – This paper presents a novel design approach for a filtering microstrip patch antenna inspired by a bandpass filter 
(BPF). It is based on the coupling matrix approach, where the magnitudes of the matrix elements are utilized to extract the physical 
dimensions. Two rectangular microstrip patch resonators (RMPRs) are directly coupled via an air-gap to realize a second-order BPF 
and a filtering microstrip patch antenna. For the BPF, a 50-Ω microstrip feedline is employed at the input/output ports and extended 
into the center of the RMPRs to ensure strong impedance matching within the passband of interest. For the filtering antenna, the 
output feedline port is removed, and the second RMPR is modified to obtain the required radiation quality factor and provide 
radiation within the passband frequency range. To validate the proposed approach, both designs are fabricated and experimentally 
tested, showing excellent agreement with the simulation results. The measured 10-dB fractional bandwidth (FBW), passband peak 
gain, and total efficiency are 4.05%, 6.0 dBi, and 74.0%, respectively. These results demonstrate that the proposed designs offer a 
compact size, high gain, and high efficiency, making them promising candidates for ISM band applications.
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1.	 	INTRODUCTION

Microstrip patch antennas are well-suited for indus-
trial scientific medical (ISM) systems not only due to 
their compact size, light-weight and low profile charac-
teristics [1-5], but also because they can be seamlessly 
integrated with other system components [6, 7]. This 
direct integration eliminates the need for additional 
matching circuits and realizes system miniaturization. 
However, conventional microstrip patch antennas suf-
fer from their inherent narrow bandwidth performanc-
es, restricting their applications in wideband and ISM 
technologies [3, 8]. To remedy this limitation, filtering 
microstrip patch antennas have been introduced, com-
bining both radiation and filtering functionalities into a 
single integrated component [9]. This integration offers 
miniaturizing the front-end size, eliminating the inser-
tion loss caused by separate BPF filters, and simplifying 

the front-end system architecture [10]. Additionally, 
the bandwidth of filtering microstrip patch antennas 
can be broadened by appropriately tuning the reso-
nant frequencies of the coupled-resonators within the 
antenna radiating structure.

Various design approaches have been investigated to 
implement filtering functionalities in microstrip patch 
antenna. Among these is the coupled-resonator filter 
synthesis approach [9, 11], where the patch serves as 
the last coupled-resonator in the filter while also acting 
as a radiator. Techniques such as the use of metal strips 
[12], shorting pins [13], stub-loaded resonators [14], 
coupling structures [15-17], and slot-loaded patches 
[18, 19] have been explored to improve the frequency 
selectivity and widen the bandwidth of filtering mi-
crostrip antennas [12-19]. Modified patch shapes, in-
cluding U-shaped [20, 21], T-shaped [6], bow tie-shaped 
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[22], square ring [23], cross-shaped [24], ground slots 
[25], and inverted-F configuration [26] have also been 
employed. In addition, other enhancement techniques 
such as defected ground structure (DGS) [27, 28], and 
various feedline structures like fork-shaped [29], split-
merge [30], and dual baluns [11] have been introduced 
to realize desired filtering characteristics to microstrip 
patch antennas. Equivalent circuit models based on the 
lumped LC elements have also been proposed for slot-
loaded patch designs [31, 32].

Despite these advances in filtering patch antenna 
designs, many of the existing techniques require ex-
tra circuit structure, which increases the overall size 
and design complexity. To address this issue, we pro-
pose a new filtering microstrip patch antenna design 
approach based on the coupling matrix approach, in 
which no additional coupling structures or circuits are 
required to realize filtering functionality. In section 2, 
the approach is applied to a second-order BPF using 
rectangular patch resonators, where matrix elements 
are interpreted into physical dimensions. In Section 3, 
the filter’s output port is removed, and the second-cou-
pled patch is modified to achieve the required radia-
tion quality factor (Qr) while maintaining its dual func-
tionality of frequency selectivity and radiation. Section 
4 presents the fabrication and measurement of two 
prototypes to validate the proposed method. Finally, 
the conclusions are summarized in section 5.

2.	 BPF DESIGN

Fig. 1 illustrates the topology and corresponding 
physical layout of a second-order microstrip BPF with 
an all-resonator configuration. The substrate mate-
rial chosen is Rogers RO4350BTM, which has a relative 
permittivity (εr) of 3.48, thickness (h) of 1.524 mm, and 
a loss tangent of 0.0037. The patch and ground plane 
are both 0.035 mm thick, and made using copper with 
a conductivity of 5.8×107 S/m. A two-pole Chebyshev 
low-pass prototype is chosen with a FBW of 3.0% at a 
center frequency (f0) of 3.0 GHz, and a passband ripple 
of 0.0432 dB are chosen for the design. The simulated 
performance is obtained using the computer simula-
tion technology (CST) simulator. 

Fig. 1. Topology and physical layout of the second-
order BPF. Dimensions in mm are: l=67.09, w=33.68, 
lf=16.25, wf=3.43, li=9.50, lp=26.20, wp=20, d0=0.20, 

h=1.524, t=0.035, dk12=0.8.

2.1.	 Coupling Matrix

The scaled external quality factors (qext1= qext2), scaled 
coupling coefficient between direct coupled-resona-
tors (m12= m21), and reflection coefficient (S11) of the BPF 
can be calculated using the relations [33]: 

(1)

(2)

(3)

(4)

(5)

Here g0, g1, g2 are the low-pass prototype parameters, 
and their values for the given topology can be found 
in [33] as: g0=1.0, g1=0.6648, g2=0.5445. The ω and ω0 
are the center and passband edge angular frequencies, 
respectively. The un-scaled external quality factor Qext1 
(Qext1=qext1/FBW) and un-scaled coupling coefficient 
M12 (M12 = m12 FBW) are calculated, using the aforemen-
tioned relations, and are found to be 22.16 and 0.049, 
respectively.

2.2.	 Parametric Extractions 

This section describes the extraction of the physical 
dimensions (d0, dk12) of the BPF illustrated in Fig. 1 using 
the calculated values of Qext and M12. The dimensions of 
the patches (lp, wp) and feedlines (lf, wf) are calculated, 
utilizing the transmission line equations given in [34], 
and are provided in the caption of Fig. 1. To extract the 
dimension d0, the set up shown in Fig. 2a is employed. 
In this configuration, resonator 1 is weakly coupled to 
the output port (i.e. h0 is large), while the dimension d0 
is tuned to achieve the desired Qext value from the S21 
response as illustrated in Fig. 2b using the relation [9]:

(3)

As shown in Fig. 2c, the value of Qext increases with 
an increase in the d0 dimension. The desired value of 
Qext=22.16 is obtained when d0= 0.20 mm.

Fig. 3a shows the physical setup used to extract the 
(M12) between resonators 1 and 2. In this configuration, 
both resonators are weakly coupled to the input and 
output ports. The gap dk12 is adjusted to achieve the 
desired M12 value from the S21 response shown in Fig. 
3b using the relation [9]:

(4)
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(a)

(b)

(c)

Fig. 2. (a) Physical layout set up for d0 extraction,  
(b) its S21 response, and (c) variation of Qext versus d0

Here, the f1 and f2 represent the split resonant fre-
quencies of resonators 1 and 2, respectively. As illus-
trated in Fig. 3c, the value of M12 reduces with an in-
crease in the gap dk12. The required value of M12=0.049 
is achieved when dk12=1.28 mm.

The dimensions d0 and dk12 extracted above are consid-
ered as their initial values, and optimization is performed 
in CST to achieve the desired results. Fig. 4 shows the S11 
and S21 responses of the proposed BPF, obtained both 
from the coupling matrix equations 4 and 5 and from CST 
simulator. As shown, the simulated and calculated results 
are in excellent agreement within the operating frequen-
cy band. The designed filter achieves a FBW of 3.0% cen-
tered at 3.0 GHz, with an insertion loss of 0.8 dB over the 
passband. The filter also exhibits a selectivity better than 
30 dB in both the lower and upper stopbands.

(a)

(b)

(c)

Fig. 3. (a) Physical layout set up for dk12 extraction, 
(b) S21 response, and (c) variation of M12 versus dk12

Fig. 4. Simulated and calculated S11 and S21 
responses of the proposed second-order BPF.
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3.	 FILTERING ANTENNA DESIGN

The topology and its corresponding physical lay-
out of the proposed second-order filtering microstrip 
patch antenna is shown in Fig. 5. Unlike the BPF, where 
resonator 2 is coupled to an electrical output port, the 
filtering microstrip patch antenna connects resonator 
2 (so-called radiating-radiator) to free space, enabling 
radiation at center frequency of 3.0 GHz. To keep its 
filtering functionality function alongside its radiation 
role within the bandwidth of interest, the dimensions 
of the radiating resonator and the coupling gap (ds12) 
between resonators 1 and radiating resonator must be 
carefully optimized. Specifically, the Qr value of the ra-
diating resonator must match the Qext at the input port 
(i.e. Qr=Qext=22.16) to ensure balanced power distribu-
tion and proper filtering performance.

Fig. 5. Topology and physical layout of the second-
order filtering antenna. Dimensions in mm are: 

l=80.28, w=61.78, lf=35.59, wf=3.43, li=22.0, lp=25.70, 
lr=24.90, wp=34, d0=0.30, h=1.524, t=0.035, ds12=1.9

3.1.	 Parametric Extractions

The configuration shown in Fig. 6a is utilized to extract 
the Qr of the radiating resonator, following the proce-
dure outlined in section 2.2. In this setup, the radiating 
resonator is very weakly coupled to the input and output 
ports. From the simulated S21 response shown in Fig 6b, 
the required Qr is determined using the Δf3dB magnitude 
and applying into equation 3. To minimize the number 
of design variables, only the length of the radiating reso-
nator (lr) is adjusted to control the Qr value. As shown in 
Fig. 6b, the Δf_3dB value decreases (Qr increases) with an 
increase in lr dimension. 

Fig. 7a shows the physical setup used to extract the 
coupling gap (ds12) between resonator 1 and the radiat-
ing resonator. By following the extraction method de-
scribed in Section 2.2 and inserting the split resonance 
frequencies of resonator 1 (f1) and radiating resonator 
(fr) obtained from the simulated S21 response shown in 
Fig. 7b into equation 4, the required M12 value can be 
determined by adjusting ds12 dimension.

(a)

(b)

Fig. 6. (a) Physical layout set up for Qr extraction, (b) 
its S21 response

(a)

(b)

Fig. 7. (a) Physical layout set up for ds12 extraction, 
and (b) S21 response
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3.2.	 Simulated Results and Comparison

Fig. 8 compares the simulated responses of the pro-
posed second-order BPF and the second-order filtering 
antenna. The S11 responses of both designs show excel-
lent agreement across the operating frequency band. 
Furthermore, the normalized realized gain of the filter-
ing microstrip patch antenna exhibits a filter-like S21 re-
sponse within the passband of interest. Discrepancies 
observed at the lower and upper stop bands are attrib-
uted to unexpected radiation from patch structures.

Fig. 8. Simulated S11, S21 and realized gain of the 
proposed BPF and filtering antenna

To demonstrate the advantages of the proposed filter-
ing antenna, its performance is compared with that of 
a conventional rectangular microstrip patch antenna, as 
shown in Fig. 9a. The dimensions of the patch are cal-
culated based on the cavity model theory [34-36], and 
are provided in the caption of Fig. 9. For consistency, 
the materials used in the ground plane, patch, and sub-
strate of the conventional patch antenna are the same as 
those employed in the proposed filtering antenna. The 
simulated S11 and realized gain of both conventional and 
proposed filtering patch antennas are shown in Fig. 9b. 
The proposed filtering microstrip patch antenna exhibits 
several improvements over the conventional one. For in-
stance, within the passband, it provides a 1.0 dBi higher 
realized gain. Also, it exhibits more than 20 dB selectivity 
at both the lower and upper frequency edges. 

(a)

This enhanced selectivity can potentially eliminate the 
need for an additional BPF in the front-end of the wire-
less system, thereby reducing mismatch and insertion 
losses. The 10-dB FBW of the filtering microstrip patch 
antenna is 3.97%, which is approximately three times 
wider than that of the conventional patch antenna.

(b)

Fig. 9. (a) Layout of a conventional rectangular 
microstrip patch antenna. (b) Simulated S11 and 

realized gain responses of proposed filtering 
microstrip patch antenna and conventional 

rectangular patch antenna. Dimensions in mm 
are: lg=54.11, wg=60.20, li=7.20, wi=6.50, lf=20.60, 

w=3.43, lw=33.40, lp=26.33.

4.	 FABRICATIONS AND MEASUREMENTS

Fig. 10a shows the actual photograph of the proposed 
BPF under test. The scattering parameters were mea-
sured using an Agilent Vector Network Analyzer (VNA). 
Fig. 10b compares the measured and simulated S11 and 
S21 responses. The measured 10-dB FBW is 3.10 %, which 
is slightly larger than the simulated value of 3.0 %. The 
measured insertion loss across the passband is 1.10 dB, 
compared to 0.80 dB in simulation. The 3-dB passband 
bandwidths from the measurement and simulation are 
0.10 GHz and 0.22 GHz, respectively. The measured start 
stop band rejection is below 20 dB, while the upper stop 
band reaches approximately 35 dB. The measured cen-
ter frequency is 2.9 GHz, exhibiting a downward shift of 
0.1 GHz from the simulated 3.0 GHz. These discrepancies 
are mainly attributed to fabrication tolerances, SMA con-
nector effects, and dielectric loss.

Fig. 11a shows the manufactured filtering antenna. 
The S11 response was measured using the VNA. Radia-
tion patterns were measured in an anechoic chamber 
room using a wide bandwidth reference horn antenna 
positioned in the far-field region. As shown in Fig. 11b, 
the measured S11 and realized gain match the simulated 
results across the operating frequency band. The mea-
sured 10-dB FBW is 4.05%, which is slightly wider than 
the simulated value of 3.97%. The realized gain across 
the passband is relatively flat, with a fluctuation of ap-
proximately 0.68 dBi. The measured peak gain is 6.0 dBi 
at 2.95 GHz, and the 3-dB gain bandwidth is 7.0%. Re-
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alized gain selectivity of around 20 dB is observed at 
both lower and upper frequency bands. Fig. 12 a shows 
the measured total efficiency, calculated as the ratio of 
measured realized gain to the simulated directivity. It 
is exceeding 74% within the passband, slightly lower 
than the simulated 81.0%. The efficiency degradation 
is attributed to the frequency-dependent variation of 
the substrate loss tangent and the unexpected radia-
tion from the microstrip coupling edges. As depicted in 
Figs. 12 b and 12 c, the measured E-plane and H-plane 
radiation patterns align well with the simulations. The 
slight discrepancies in the backside radiation are like-
ly due to the presence of the SMA connector and the 
transmission cable during the measurement.

Table 1 compares the measured performance of the 
proposed filtering microstrip patch antenna with relat-
ed designs reported in the literature. Among the cited 
works, only [37] and the present design achieve filter-
ing characteristics without requiring additional cir-
cuitry. The filtering antennas presented in [30, 32] dem-
onstrate relatively high gains of 10 dBi and 7.55 dBi, 
respectively; however, their large physical dimensions 
and moderate FBW reduce their suitability for ISM band 
applications due to occupying larger area and limiting 
the operating frequency range. The designs in [37, 38] 
exhibit strong frequency selectivity at both lower and 
upper stop bands, but the low realized gains are as 
their main drawbacks. Antennas in [39] and [40] provid-
ed large bandwidths, but their bulky size and low gain 
are their main drawbacks. In contrast, the proposed 
filtering microstrip patch antenna offers a competitive 
profile, combining compact size, moderate bandwidth, 
high gain, and high efficiency. These features are ex-
tremely demanded for ISM band applications. 

(a)

Fig. 10. (a) Actual BPF under test, and (b) measured 
S11 and S21 performances of BPF compared with 

simulated ones

(b)

(a)

(b)

Fig. 11. (a) Actual filtering microstrip patch antenna 
under test, and (b) measured S11 and realized gain 
performances of filtering microstrip patch antenna 

compared with simulated ones
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(a) (b) (c)

Fig. 12. (a) measured total efficiency compared with simulation. (b) measured E-plane, and (c) H-plane 
patterns compared with simulated ones.

Table 1. Performance of the proposed filtering microstrip patch antenna compared with some related works

Refs. Antenna types f0 
(GHz) Size (λ_0^3) 10-dB 

FBW (%)

Peak 
gain 
(dBi)

Lower/Upper 
Rejection 
level (dB)

Total 
Efficiency 

(%)

extra circuit or 
structure

[6] H-shaped patch 2.45 0.361×0.426×0.013 < 4.0 6.0 -40.1/-39 > 90 Yes

[30] Slot-loaded patch 9.8 1.96 ×1.50×0.026 5.1 10 NA > 90 Yes

[32] Rectangular patch 10 0.94×0.94×0.017 3.7 7.55 17/17 NA Yes

[37] Rectangular patch 2.0 NA 2.03 5.0 15/23 NA No

[38] U-shaped split ring 3.6 18.33×11.11×0.27 33.4 4.5 > 20 NA Yes

[39] Monopole 3.8 0.31×0.83×0.011 62.9 3.0-3.5 NA NA Yes

[40] U-shaped parasite patch 5.5 0.94×0.94×0.066 26.38 7.98 11 > 92 Yes

This work Rectangular Patch 3.0 0.67 ×0.33×0.0152 4.05 6.0 21.2/20.5 74.0 No

5.	 CONCLUSIONS

This paper presented a novel design approach for a 
filtering microstrip patch antenna based on the cou-
pling matrix approach. The matrix elements were uti-
lized to extract the physical dimensions of the antenna 
and to embed filtering characteristics without the need 
for additional physical structures. Two prototypes were 
fabricated, and the measured results showed good 
agreement with the simulated predictions, validating 
the proposed coupling matrix design approach. The 
proposed filtering microstrip patch antenna demon-
strated competitive performance and is a promising 
candidate for ISM band applications. 
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