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 A highly selective planar microstrip filtering antenna for point-to-point communication is 
proposed in this paper. The bandpass filter is composed of a rectangular split-ring coupling 
resonator, and a portion of the filter is equivalent to a microstrip monopole antenna. Two 
rectangular split-ring structures with their openings aligned generate resonant characteristics, 
and U-shaped microstrip coupling structures are wrapped outside to optimize the passband 
characteristics. One of the U-shaped microstrip structures is transformed into a one-side bent 
structure as a radiation unit and serves as the resonant structure of the final stage of the filter, 
reducing the connection loss between the filter and the antenna. The operating frequency band 
of	the	filtering	antenna	is	from	6.38	to	6.63	GHz	with	a	reflection	coefficient	of	less	than	−10	dB,	
a	fractional	bandwidth	of	3.8%,	and	a	peak	gain	of	4.46	dBi.	The	filtering	antenna	has	excellent	
frequency selectivity, good out-of-band suppression, high gain, and small device size, in addition 
to its low cost after system integration. The simulation results are consistent with the 
experimental test results. The filtering antenna as a novel radio frequency sensor can be applied 
to the point-to-point communication of automated guided vehicles in the logistics field.

1. Introduction

 With the development of communication technology, higher requirements for the volume and 
performance of mobile terminals have been put forward by users. Antennas and filters are two 
very important functional modules in the RF front end. High-quality factor filters have strict 
requirements for components. Low insertion loss can improve the signal-to-noise ratio. 
Therefore, antennas and filters directly affect the quality of received and transmitted signals. 
The antenna mainly plays the role of transmitting and receiving signals. The filter selects the 
receiving signals of the antenna and suppresses the out-of-band signals. The filtering antenna 
has advantages of minor losses, low cost, and miniaturization, and has become an inevitable 
choice for terminals. The filtering antenna requires no microstrip conversion or coaxial cables to 
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connect the antenna and filter, resulting in minimal losses.(1,2) Therefore, the filtering antenna, 
which is a combination of an antenna and a filter has been widely studied.
 The filtering antenna was first proposed by Schell and Mailloux.(3) The antenna integrates 
the function of the filter, achieving the filtering of transmitted and received signals, suppressing 
interference, and enhancing the performance and reliability of the communication system. In 
traditional communication systems, antennas and filters are designed separately, and their 
correlation is low. Therefore, an additional matching circuit is required to connect the antenna 
and the filter, which increases the complexity of the design and occupies a large space. Moreover, 
filters can cause significant insertion losses. For the above shortcomings, the integrated design 
of antennas and filters has become the direction of future communication system design.
 The design methods for filtering antennas mainly include the direct cascading method,(4–6) 
equivalent substitution method,(7,8) and fusion design method.(9–13) Direct cascading is the 
process of connecting the input port of the antenna and the output port of the filter according to 
the same characteristic impedance, achieving direct impedance matching with minimal energy 
loss. However, direct cascading requires an additional impedance-matching circuit, leading to 
increased size and insertion loss. In the equivalent substitution method, the last-order resonator 
of the filter is replaced by a radiating antenna, which reduces the size of the entire device and 
cuts down the transmission loss between the filter and the antenna. On the basis of the antenna 
structure, the fusion design method realizes the filtering function by stacking patches,(9) adding 
parasitic components,(10,11) and adding slots.(12,13) This method can realize the miniaturization 
and high gain of filtering antennas, but the radiation performance will deteriorate.
 The design of filtering antennas is much more complex than that of traditional antennas, and 
the direct cascading method results in a larger dimension and a higher insertion loss. Although 
the fusion design method reduces the size of the antenna, it can distort the radiation pattern of 
the antenna. The equivalent substitution method can be used in filtering the design of the 
antenna to reduce its size, decrease the insertion loss, and optimize the radiation pattern. Yan et 
al. proposed a filtering antenna for a wireless local area network communication system, which 
consists	of	four	U-shaped	microstrip	resonators,	one	Γ-shaped	antenna,	and	one	parallel	coupling	
line.(7)	The	maximum	gain	of	this	filtering	antenna	is	3.059	dBi	in	the	operating	frequency	band.	
The	out-of-band	gain	is	reduced	to	below	−24	dBi.	Chuang	and	Chung	proposed	a	filter	structure	
composed of microstrip lines and a coplanar waveguide, in which broadside coupling is adopted 
into	the	Γ-shaped	antenna	area.(8) This filtering antenna provides a high band-edge selectivity 
but	a	low-passband-gain	response.	On	the	basis	of	the	Butterworth	bandpass	filter,	Chen	et al. 
used a sector patch antenna with a defected ground structure (DGS) to replace the resonator at 
the output end of the filter, forming a filtering antenna.(14) The passband bandwidth of the 
filtering	antenna	 is	460	MHz,	with	a	peak	gain	of	2.3	dBi	 in	 the	passband,	and	 the	passband	
edge has good frequency selectivity. As described in Ref. 15, two pairs of stepped impedance 
resonators (SIRs) and a square patch were used to form a filtering antenna, where the SIR 
resonates with the edges of the square patch, obtaining good filtering characteristics. 
 Many scholars have also proposed filtering antennas based on the substrate integrated 
waveguide (SIW),(16–18) which have high-quality factors, good bandpass characteristics, and out-
of-band attenuation characteristics. However, the design of these antennas is based on multilayer 
printed circuit board structures, which are complex and have high costs.
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 In this paper, a low-profile and high-selectivity filtering antenna is proposed. This filtering 
antenna consists of two rectangular split-ring resonators, a U-shaped microstrip coupling 
structure, and a deformed radiation microstrip unit with a U-shaped microstrip coupling 
structure. The two rectangular split-ring resonators achieve a bandpass response, and the 
U-shaped microstrip coupling structure attains tight coupling, which further promotes filtering 
responses. This method of the equivalent substitution of filter elements makes the transmission 
loss close to zero. Compared with the direct cascading method, it avoids the transition from lossy 
slots to microstrip(19) and bulky coaxial connectors.(20) The antenna proposed in this paper 
adopts a simple microstrip planar structure, which is easy to manufacture and adjust. As a novel 
RF sensor, it is suitable for the 5G and point-to-point communication of automated guided 
vehicles in specific scenarios.

2. Design and Analysis of Filtering Antenna

	 The	filtering	antenna	is	designed	on	a	Rogers	4350B	substrate,	with	a	dielectric	constant	of	
3.66, a loss tangent of 0.004, and a thickness of 0.762 mm. The antenna is simulated and designed 
with a high-frequency simulator structure (HFSS).

2.1 Filter design

 The bandpass filter consists of resonant coupling structures at the dielectric substrate top 
layer and the ground plate at the dielectric substrate bottom layer. The structure of the bandpass 
filter is shown in Fig. 1. Two half-wavelength rectangular split-ring resonators are wrapped with 
two U-shaped microstrip coupling structures, with the openings of the rectangular split-rings 
aligned with a spacing of s2. The input and output ports of the filter are connected to the two 
U-shaped microstrips through the 50-ohm-characteristic-impedance microstrip line. Two 
rectangular split-ring resonators form the resonant structure. The length and width of the 
rectangular split-ring resonator are y6 and x1, respectively. The microstrip width of the 
rectangular split-ring is w1, the coupling spacing is s2, and the opening length is C. The side 

Fig.	1.	 (Color	online)	Structure	of	bandpass	filter.
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lengths of the two U-shaped coupling microstrips are X11 and X22. The U-shaped microstrip 
width is w2 and the spacing between the rectangular split-ring resonator and the U-shaped 
coupled microstrip is s.
 The substrate dimensions of the filter are 16.7 × 20.2 mm2. After optimization with HFSS, 
the final structural parameters of this bandpass filter are as shown in Table 1. Figure 2 shows the 
resonance curve of the bandpass filter simulated under the structural parameters shown in Table 
1.	The	frequency	band	with	a	return	loss	of	less	than	−10	dB	is	from	6.37	to	6.65	GHz,	as	shown	
in Fig. 2. The bandwidth of the filter is 280 MHz and the fractional bandwidth is 4.3%. The 
insertion	 loss	 is	0.9	dB	at	a	center	 frequency	of	6.5	GHz.	The	out-of-band	suppression	of	 the	
transmission	characteristics	reached	−20	dB	at	5.67	and	7.03	GHz,	demonstrating	good	stopband	
suppression characteristics.

2.2 Antenna design

 The antenna unit is a U-shaped microstrip with one side bent, and the filter is a microstrip 
coupling structure. Figure 3 is a schematic of the structure of the microstrip monopole antenna. 
The directions of the x- and y-axes in the rectangular coordinate system are shown in Fig. 3, and 
the direction of the z-axis is perpendicular to the xoy-plane. One side of the U-shaped microstrip 
monopole antenna is bent. The resonance frequency of the antenna is determined by the length 
l11 + l22 + l33 of the U-shaped microstrip. There is a grounding plate on the back surface of the 
antenna substrate that is slightly shorter than the feeder line to improve the input impedance of 
the antenna. Table 2 shows the specific structural parameter values of the microstrip monopole 
antenna.

Table 1
Structure	parameters	of	the	bandpass	filter	(unit:	mm).

W w1 w2 s s1 s2 x1 C X11 X22 y6 h
1.8 0.7 0.8 0.2 0.4 0.5 5 1.5 5.9 6.1 12.2 0.762

Fig.	2.	 (Color	online)	Resonant	curve	of	the	bandpass	filter	when	X11 = 5.9 mm and X22 = 6.1 mm.
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 The reflection coefficient simulation result of the microstrip monopole antenna is shown in 
Fig.	4.	The	reflection	coefficient	is	−29.28	dB	at	a	center	frequency	of	6.5	GHz.	The	frequency	
with	a	reflection	coefficient	of	less	than	−10	dB	ranges	from	5.65	to	7.17	GHz.	The	impedance	
bandwidth reaches 1.52 GHz.
 The current distribution of this monopole antenna is shown in Fig. 5, with the current flowing 
from the feeding point to the end on both arms. Figure 6 shows that the axial ratios (ARs) are 
much	greater	than	3	dB	near	6.5	GHz,	indicating	that	the	antenna	is	linearly	polarized.
 Figure 7 shows the radiation patterns of the microstrip monopole antenna at the center 
frequency of 6.5 GHz. The pattern radiates in a butterfly shape on the xoz-plane and a quasi-
elliptical shape on the yoz-plane. The simulation cross polarizations of the xoz- and yoz-planes 
are	both	below	−20	dB.	

3. Simulation of Filtering Antenna

 After deforming the part of the U-shaped coupling microstrip structure in Fig. 1 into a 
microstrip monopole antenna in Fig. 3, the filtering antenna structure is as shown in Fig. 8. 
Figure 8(a) is a schematic of the top view of the filtering antenna, and the side view is shown in 
Fig. 8(b). The back of the filtering antenna radiation structure does not have a ground plate; only 
the back of the rectangular split-ring resonator has a ground plate.
 The simulated reflection coefficient and realized gain of the proposed antenna are shown in 
Fig. 9. The high roll-off rate between the passband and stopband of the antenna in Fig. 9 is 
attributed to the tight coupling of the resonator. The frequency band is from 6.39 to 6.63 GHz 
with	a	reflection	coefficient	of	less	than	−10	dB,	the	bandwidth	of	the	antenna	is	240	MHz,	and	
the	fractional	bandwidth	is	3.69%.	The	reflection	coefficient	is	−25.9	dB	at	a	central	operating	
frequency of 6.5 GHz. Figure 10 shows the xoz-plane and yoz-plane radiation patterns of the 
filtering antenna at an operating frequency of 6.5 GHz. The simulated copolarization in the 
radiation direction in both xoz- and yoz-planes	is	at	least	15	dB	higher	than	the	corresponding	
cross-polarization.

Table 2
Structure parameters of antenna (unit: mm).

W l11 l22 l33 Lfeed w3 h
1.8 18 10 8 2 1 0.762

Fig. 3. (Color online) Structure of the microstrip monopole antenna. (a) Top and (b) side views.

(a) (b)
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Fig.	4.	 (Color	online)	Simulated	reflection	coefficient	of	the	microstrip	monopole	antenna.

Fig. 5. (Color online) Current distribution of the monopole antenna.

Fig. 6. (Color online) AR curve of the monopole antenna.
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Fig. 7. (Color online) Radiation patterns of the proposed antenna at 6.5 GHz.

Fig. 8. (Color online) Filtering antenna structure. (a) Top and (b) side views.

Fig.	9.	 (Color	online)	Simulated	reflection	coefficient	and	realized	gain	of	the	proposed	antenna.

(a) (b)
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4. Measurement Results

 To verify the proposed filtering antenna, the prototype of the filtering antenna fabricated on a 
Rogers	 4350B	 substrate	 is	 shown	 in	 Fig.	 11.	 The	 filtering	 antenna	 has	 small	 dimensions	 of	
0.7λ0 × 0.49λ0 × 0.0185λ0. The simulated and measured gains of the filtering antenna are 
illustrated in Fig. 12. It can be seen that the gain is high and the reflection coefficient is low 
within the passband and the simulation results agree with the measurements results. The 
frequency range varies from 6.38 to 6.63 GHz with the measured reflection coefficient at less 
than	−10	dB.	The	impedance	bandwidth	reaches	250	MHz.	The	measured	reflection	coefficient	
at	a	center	frequency	of	6.5	GHz	is	−24.16	dB.	The	measured	peak	gain	fluctuates	between	2.7	
and	4.46	dBi	within	the	passband.	The	measured	and	simulated	values	fluctuate	within	the	range	
of	0.01	to	0.51	dB.	The	measured	gain	in	the	passband	is	slightly	lower	than	the	simulated	result,	
whereas the measured reflection coefficient is slightly higher than the simulated result. There is 
a significant difference between the measured and simulated results of out-of-band gain 
suppression. After analyzing the measured results, it is speculated that the reason may be that 
the impedance mismatch of the antenna outside the passband during measurement caused losses.
 Figure 13 shows the measured voltage standing wave ratio (VSWR) curve of the antenna. The 
VSWRs are 2 at a frequency of 6.39 GHz, 1.8 at a frequency of 6.62 GHz, and 1.11 at a center 
frequency of 6.5 GHz.
 At a center frequency of 6.5 GHz, the measured radiation patterns of the xoz- and yoz-planes 
of the filtering antenna are as shown in Fig. 14. The main radiation direction of the antenna is in 
the 0° direction. There is a difference between the simulation and measurement results of the 
antenna pattern, mainly due to the shaking of the turntable in the anechoic chamber and the 
slight shaking of the test antenna during rotation. Moreover, SMA connectors were not taken 
into account during the simulation, and the solder joints on the feed line of the SMA connector 
also had a certain impact on the antenna pattern.
 Table 3 provides a comprehensive comparison between the recently reported and proposed 
filtering antennas. Although the filtering antenna in Ref. 20 has good in-band reflection and 

Fig.	10.	 (Color	online)	Simulated	patterns	of	the	filtering	antenna	in	xoz- and yoz-planes at 6.5 GHz.
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Fig.	11.	 (Color	online)	Photograph	of	the	fabricated	filtering	antenna.

Fig.	12.	 (Color	online)	Simulated	and	measured	reflection	coefficients	and	realized	gains	of	the	filtering	antenna.

Fig. 13. (Color online) Measurement result of VSWR	of	the	filtering	antenna.

Fig.	14.	 (Color	online)	Measured	radiation	patterns	of	the	filtering	antenna	at	6.5	GHz.	(a)	xoz- and (b) yoz-planes.

(a) (b)
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high gain, the proposed filtering antenna has a smaller size and a wider impedance bandwidth of 
−10	dB.	Compared	with	the	filtering	antennas	in	Refs.	21–24,	the	proposed	filtering	antenna	has	
higher reflection characteristics within the passband. The size and gain of the antenna are also 
relatively	appropriate.	The	impedance	bandwidth	of	−10	dB	is	larger	than	those	in	Refs.	20–22.

5. Conclusions

 In this study, a low-profile and high-selectivity microstrip filtering antenna was 
demonstrated. The filtering antenna includes two rectangular split-ring resonators and a 
U-shaped coupled microstrip; the U-shaped coupled microstrip was deformed into a microstrip 
monopole to form a radiation unit. Finally, the filtering antenna was manufactured and tested, 
and the results showed that the filtering antenna has excellent out-of-band suppression 
characteristics, good rectangular coefficient, and a small reflection within the passband. The 
filtering antenna has a simple structure, a low cost, and stable in-band radiation characteristics. 
The simulation and test results are good and consistent within the passband of the filtering 
antenna. The proposed filtering antenna has a low insert loss, small dimensions, and excellent 
performance. As RF sensors, it holds great potential in communications in IoT and logistics 
fields. 
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