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ABSTRACT: In this paper, a novel wideband reflectionless filtering patch antenna is proposed. The antenna consists of a filtering patch
and an absorption network. The filtering patch includes an E-shaped radiator and two T-shaped radiators. The E-shaped radiator intro-
duces a radiation null, which greatly improves lower-band edge selectivity. The T-shaped radiators introduce an additional radiation null,
effectively increasing the filtering performance in the upper stopband. For the absorption network, a quarter-wavelength coupled-line
section with two 200-ohm resistors and four short-circuited three-quarter-wavelength transmission lines are used to achieve reflectionless
characteristics. To demonstrate the design, an antenna prototype with a center frequency of 3.5 GHz is fabricated and measured. Mea-
surement results manifest that the input reflectionless bandwidth is 63.5% from 2.56 to 4.94 GHz with an antenna gain of 5.8 dBi. At 3.02
and 3.91 GHz, two radiation nulls are also obtained. The lower and upper stopband suppression levels are 18.1 and 14.5 dB, respectively.

1. INTRODUCTION

As 5G technology rapidly evolves, filtering antennas have
received increasing attention for their simple structure, low
loss, and high performance. Filtering antenna design meth-
ods are generally classified into three categories. The first
method is to simply cascade antennas and filters [1,2]. The
second method is to use the antenna as the last resonator stage
of the bandpass filter, which is realized by coupling matrix the-
ory [3]. The third method is co-designed filtering antenna, such
as stacked parasitic patches [4] and shorting pins [5]. Although
filtering antennas have solved many problems, and many stud-
ies on filtering antennas have been conducted for different de-
sign objectives such as high selectivity [6], high gain [7], and
low cost [8], the out-of-band reflected waves of traditional fil-
tering antennas will affect the stability of the communication
system [9]. So the filtering antennas with the function of ab-
sorbing out-of-band reflected wave energy are being gradually
designed.

Reflectionless filtering patch antennas [10, 11] are a new type
of antenna that can transmit or receive the desired signal in the
operating band and suppress the undesirable signal outside the
band. It effectively solves the effect of signals reflected from
the stopband when the antenna is connected to a power ampli-
fier. Currently, the dominant method for reflectionless filtering
antenna design is to apply the notion of frequency complemen-
tary duplexing [11], so that an antenna and a band-stop filter
operate at the same frequency but with opposite responses. For
example, a band-stop filter loaded with a resistor is connected in
parallel with the feeding line of the antenna [12, 13]. However,
the mentioned reflectionless filtering antennas do not achieve
particularly wide reflectionless bandwidths, which means that
their application scenarios have limitations.

This paper presents a novel wideband reflectionless filter-
ing patch antenna. Its filtering antenna section produces two

* Corresponding author: Zhongbao Wang (wangzb@dlmu.edu.cn).

doi:10.2528/PIERL25010204

17

radiation nulls, resulting in good filtering performance. The
wideband reflectionless characteristic is achieved by using an
absorption network, which consists of a quarter-wavelength
coupled-line section, two 200-ohm resistors, and four short-
circuited three-quarter-wavelength transmission lines. The re-
flectionless filtering patch antenna is simulated by Ansys High
Frequency Structure Simulator (HFSS). The results show that
it obtains wideband reflectionless characteristics and good fil-
tering performance.

2. ANTENNA CONFIGURATION

Figures 1(a), 1(b), and 1(c) show the structure of the pro-
posed wideband reflectionless filtering patch antenna. The
antenna is composed of an F4B substrate (dielectric constant
€, = 2.6, loss tangent tan § = 0.003, thickness H = 1.5 mm).
On the substrate, the reflectionless filtering patch antenna in-
cludes a feeding line, an absorption network, and a filtering
patch. The absorption network includes a quarter-wavelength
coupled-line section with two 200-ohm resistors and four short-
circuited three-quarter-wavelength transmission lines. The fil-
tering patch includes an E-shaped radiator and two T-shaped
radiators. Table 1 lists the values of all geometric parameters
shown in Fig. 1(b).

TABLE 1. Parameters of the proposed wideband reflectionless filtering
patch antenna (Unit: mm).

L, 8 |Li(=MN4)| 148 |Wi | 157 | P | 1.5

Ly 13.16 Ly 925 |Wh| 41 |Cy| 2
Le (= M4) | 12.07 | Ls (= M2) | 26.65 | W5 | 2.18 | C> | 0.2
Lg (= N\2) 3043 Wa 41 |Wy| 86 |Cs| 4
Le (R 3M\/4) | 42.52 Wy 091 | Ws| 10 |Gy | 110
Li (= N2) | 25.7 We 077 | Ri | 0.5 | G2 | 65
L, (= N4) | 143 We 29 | S| 05 | H|1S
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FIGURE 1. Configuration of the proposed reflectionless filtering antenna. (a) Exploded view. (b) Top view. (c) Side view.
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FIGURE 2. Evolution process. (a) Ant. I, (b) Ant. I, (c) Ant. III.

3. ANTENNA ANALYSIS

3.1. Analysis of Filtering Antenna

To better understand the filtering mechanism of the proposed
antenna, the development process from Ant. I to Ant. III is
shown in Fig. 2, and the curves of the |\S}| and realized gains
at the direction of the +2z axis for each stage of the antenna
evolution are given in Figs. 3(a) and 3(b), respectively. Firstly,
Ant. I shown in Fig. 2(a) is an ordinary side-feeding rectan-
gular patch antenna without any filtering performance. Then,
the rectangular patch is etched with two slots, so Ant. I evolves
into Ant. II shown in Fig. 2(b). Ant. II is an E-shaped patch an-
tenna, which successfully generates a radiation null as shown
in Fig. 3(b). When T-shaped patches are added on both sides
of the E-shaped patch, another radiation null is introduced at
3.74 GHz as shown in Fig. 3(b). Ant. Il in Fig. 2(c) is a filter-
ing antenna without out-of-band reflectionless function.

To illustrate exactly how the radiation nulls generate, the sim-
ulated current distribution is shown in Figs. 4(a) and 4(b). The
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main reason for the first radiation null (RN 1) is that the current
flow on the middle branch of the E-shaped radiator is reversed
from the current flow on the two side branches of the E-shaped
radiator as shown in Fig. 4(a), resulting in their radiation fields
canceling out in the far field. For the second radiation null
(RN 2), the current distribution is shown in Fig. 4(b). We can
see multiple current reversals in the branches of the T-shaped
radiator and the branches of the E-shaped radiator, which re-
sults in the energy not being radiated normally. As a result,
another radiation null is generated.

3.2. Analysis of Absorption Network

Figure 5(a) illustrates the equivalent circuit of the absorption
network, which consists of a section of A/4 coupled lines, two
absorption resistors (R = 200 2), and two short-circuited 3\/4
transmission lines with the characteristic impedances of Zrp
and the electrical length of 61y = 270°. The coupled lines
with the electrical length of § = 90° have even- and odd-mode
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FIGURE 4. Current distributions of the filtering antenna at (a) 3.10 GHz and (b) 3.74 GHz.
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FIGURE 5. (a) Equivalent circuit of the absorption network. (b) Coupled-line network.

characteristic impedances of Z, and Z,, respectively. Port 2 is Zhy = Zoo = Zyz = Zag = —j Zet2e cotf = 73
connected to the antenna with a port impedance of Zy, = 50 (2. Zig = Zoy = Zay = Zag = —j é;_zo. cotf = Z
. . . 6
As shown in F1g.. S(b)., according to network theory,.the Zis = Zr = Zos = Zas = —j Zegzo csch = Zs (6)
voltage-current relationship of each port of the coupled lines . 2.127
is as follows: Zw4 = Zay = Zaz = Zzg = —j =572 escl = Z4
Vi = Zinh + Ziola + Zi3l3 + Z14ds (1) Throush Equati | he A ¢ of th val
Vo = Zovly + Zooly + Zosls + Zouls 2) _ Throug quations (1)—(6), the A-matrix of the equivalent
circuit can be calculated as
Vs = Zs1li + Zsolo + Zssls + Z34ly 3)
Vi = Znl + Zaolo + Zagls + Zaaly “) A Am
Vo = V3 =—(R+jZmtanbr) I (5) [A] = { A A ] (7
21 A2
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FIGURE 6. Simulation and theoretical calculation S-parameters of the
absorption network with Z. = 153.8€2, Z, = 54.5Q), and Z1, =

31.50Q.
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FIGURE 7. |S11] of the filtering antenna and the proposed antenna.
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FIGURE 8. Effect of L. on the performances of the proposed antenna. (a) |S11]. (b) Realized gain.

where

_ ZW+Z3B—Z3D
Zas+ZoB—Z3D
(Z21+23B—Z2D)(Z14+22C—Z3E)
Za+ZoB—Z3D
— (Z4 + Z3C — ZQE)
_ 1
Ay = Za+ZoB—2Z3D

Z1+7Z:C—Z3sE
Zys+ZoB—2Z3D

®)

and

B = Z3Z4—Z3(Z1+R+jZy tan O11)
(Zl+R+jZTL tanOTL)z—ZZ

C _ ZSZ4722(Z1+R+jZTL tanOTL)
(Z1+R+jZT]_ tanOTL)szf

)

Z4B
Z1+R+jZr tan 01
Z,C
Z1+R+jZ7y tan Ot

D =
E =

Z1+R+jZrL tan 01

Z1+R+jZ tan 01

Based on the transformation relationship between A- and S-
matrices, the S-parameters of the equivalent circuit can be ex-
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pressed in terms of the A-parameters as

A11Z0+A12—A01Z2—A22 70
A11Z0+A12+ A2 Z2+A22 20
270
A11Z0+A12+A21 ZE2+ A2 70

Sll =
521 =

(10)

To illustrate the validity and reliability of the derived formu-
lae, Fig. 6 shows the comparison of theoretical calculation and
simulation results. It can be seen that theoretical calculations
and simulations are in agreement. The |S};| of the absorption
network is less than —10 dB from 2 to 5 GHz, and the absorp-
tion network has a wideband out-of-band absorption function
and frequency selectivity. Therefore, this absorption network
can be cascaded with the filtering antenna to achieve wideband
reflectionless filtering characteristics.

3.3. Analysis of Proposed Antenna

Figure 7 compares the simulated |.S}| of the filtering antenna
(i.e., Ant. III shown in Fig. 2) and the proposed antenna. It
can be seen that the filtering antenna only has good impedance
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FIGURE 9. Photographs of the antenna prototype. (a) Top view. (b) Bottom view. (c) Testing environment.

TABLE 2. Performance comparisons with previous designs.

matching near the center frequency of 3.5 GHz. After cascad-
ing the absorption network, the proposed antenna has achieved
wideband reflectionless filtering characteristics.

The most important parameter affecting the reflectionless
performance of the proposed antenna is the length of the short-
circuited transmission lines. As shown in Fig. 8, when L. is in-
creased from 42.22 mm to 42.82 mm, the impedance matching
of the proposed reflectionless filtering antenna becomes better
near 3.62 GHz, but the impedance matching near 3.4 GHz and
the stopband suppression near 2.9 GHz become worse. There-
fore, after comprehensive consideration, the value of L. is se-
lected as 42.52 mm.

4. RESULTS AND DISCUSSION

Figures 9(a) and 9(b) show photos of the antenna prototype.
The | S| is measured using an Agilent N5230A vector network
analyzer, and the realized gain and radiation patterns are mea-
sured in a far-field anechoic chamber shown in Fig. 9(c).

The curves of simulated and measured | .S} | and realized gain
at the direction of the +z axis are shown in Fig. 10. The mea-
sured —10-dB reflectionless bandwidth is 63.5% from 2.56 to
4.94 GHz. The measured peak gain is 5.8 dBi. Outside the pass-
band, the measured two radiation nulls are located at 3.02 and
3.91 GHz, and the measured lower and upper stopband suppres-
sion levels are 18.1 and 14.5 dB, respectively. The simulated
and measured radiation patterns of the E-plane and H-plane
at the center frequency of 3.5 GHz are shown in Figs. 11(a)

fo Substrate Gain Suppression Reflectionless .
References ) . Size (Ag X Ag)
(GHz) Layer (dBi) Level (dB) Bandwidth (%)
[3] 2.3 3 52 > 13 N.A. 0.80 x 0.75
[7] 3.5 3 9.5 > 7.5 N.A. 1.17 x 1.17
9] 5.8 1 7.3 > 17 259 0.77 x 0.77
[10] 6.8 3 9.0 > 29 34 0.71 x 0.71
[11] 55 2 6.0 > 15 323 0.81 x 0.72
[12] 32.5 3 6.0 > 15.5 15 0.65 x 0.54
[13] 2.7 1 4.8 > 7 19.7 1.03 x 0.71
This work 3.5 1 5.8 > 14.5 63.5 1.28 x 0.76
10
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FIGURE 10. Simulation and measurement of |.S1| and realized gain.

and 11(b), respectively. The measured cross-polarization level
of the F-plane is less than —15dB, and that of the H-plane
is less than —7 dB. The cross-polarization level in the H-plane
increases due to the unwanted higher-order modes at higher op-
erating frequencies [14]. Fig. 12 shows the radiation efficiency
versus frequency for the proposed filtering antenna. It is ob-
served that the radiation efficiency at the center frequency of
3.5GHz is about 73.7%. Table 2 shows the comparison of the
proposed antenna with the published designs. As shown in Ta-
ble 2, the proposed antenna has a wider reflectionless band-
width and a moderate level of out-of-band suppression with
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FIGURE 12. Simulated radiation efficiency of the proposed filtering
antenna.

fewer substrate layers. However, due to the cascading of the
absorption network and filtering antenna, the size of the pro-
posed antenna becomes larger.

5. CONCLUSION

This paper presents a novel wideband reflectionless filtering
patch antenna. Two radiation nulls are realized by an E-shape
radiator and two T-shape radiators, respectively. By simply cas-
cading the absorption network and filtering antenna, not only
the design is greatly facilitated, but the proposed antenna also
obtains out-of-band absorption capability and good out-of-band
suppression. Through the fabrication and measurement of the
reflectionless filtering patch antenna, the results show that wide
out-of-band reflectionless bandwidth and good filtering perfor-
mance are achieved. Owing to the out-of-band reflectionless
characteristics of the antenna, this design effectively solves the
influence of the out-of-band reflection signal of the filtering an-
tenna on the stability of the power amplifier. So the proposed
reflectionless filtering patch antenna has extensive application
prospects in short-range communication systems [15].
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