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Abstract: In recent years, there has been a development of multifunctional components, including
filtering antennas. Co-designing the filter and antenna can effectively reduce the overall size and thus
realize high integration. A new coplanar waveguide (CPW) omnidirectional filtering antenna with a
pair of gain zeros is presented using separation electric/magnetic coupling (SEMC) paths that greatly
enhance frequency selectivity and effectively suppress the spurious responses of the circular patch
radiator. The impedance bandwidth of the filtering antenna can also be controlled /adjusted through
electric/magnetic coupling. The design results demonstrate that the filtering antenna achieves an
omnidirectional pattern with a center frequency of 3.7 GHz, an impedance bandwidth of about 3%, a
gain of 2.7 dBi, and a pair of gain zeros.

Keywords: coplanar waveguide; filtering antenna; separation electromagnetic coupling; circular
patch radiator; radiation pattern

1. Introduction

In a wireless communication system, bandpass filters (BPFs) and antennas are essential
and work together to receive and transmit the desired signals, while filtering undesired ones.
With the fast development of 5G communication in recent years, there is a need to transmit
and receive more information; however, as more and more data are transmitted at high
rates, the channel space becomes very crowded, making the devices in adjacent working
frequency bands easily coupled to each other such that the transmission signal quality of
the communication system is lowered. In this context, low-cost filtering antennas [1-11]
have received a lot of attention not only due to their increased requirement on mini-sized
multi-purpose components, but also for their integration module that has filtering and
radiating responses simultaneously, which improves circuit cooperativity.

Filtering antennas can be designed using several methods. The first method involves
using a bandpass filter that is inserted into an antenna [1,10,12]. It is simple but easily intro-
duces impedance mismatching between the antenna and the filter if the problem is ignored.
The second method involves choosing the last resonator of a multi-resonator-coupled
bandpass filter as the radiating element [4-8], which can be seen as a complex load of the
bandpass filter. The third method involves using antenna filter-fusion technology [4,13],
which can be realized by adding parasitic elements, digging defects, etc., in the circuit
to generate gain zeros, while the filtering effect can be achieved without increasing the
antenna size. Filtering antennas can also be designed using resonating slots in the feed
line of antennas [14,15] using a DGS H filter for higher-order mode suppression [16] and
a CPW feeding line [17]. Published studies have reported that most co-designed filtering
antennas are composed of microstrip structures, with few reports on CPW antennas, and
even where some designs use CPW feeding, the antenna radiators are still composed of
microstrip structures. Meanwhile, many filters lack transmission zeros (1Zs), which leads
to the antenna gain having no gain zeros to improve the out-of-band suppression.
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In this paper, a novel coplanar waveguide filtering antenna module with the integra-
tion of a highly selective coplanar waveguide bandpass filter and a double-sided circular
patch radiator is proposed. The CPW bandpass filter generates dual controllable transmis-
sion zeros through the separation electric/magnetic coupling paths [18]. Electric coupling
can be achieved by splitting a rectangular ring resonator, while magnetic coupling is
achieved using the grounding stub; via holes that have the same effect in the microstrip
structure are not needed, which reduces simulation time and manufacturing complexity.
The integrated module not only effectively suppresses spurious responses—similar to
the coplanar waveguide bandpass filter—but also has radiating responses similar to the
circular-patch radiator. Simultaneously, the impedance bandwidth can be readily regulated
by the electric and magnetic couplings. The proposed coplanar waveguide filtering antenna
is also a candidate in millimeter-wave applications, and via holes are not needed, which
facilitates fabrication.

2. CPW Filtering Antenna Design
2.1. Structural Construction

The CPW filtering antenna is constructed with a coplanar waveguide bandpass filter
and a double-sided circular radiator, as shown in Figure 1, where Figure 1a,b are the front
view and the backside view of the filtering antenna, respectively. There is no transition
structure between the filter and the radiator, which eliminates transition loss [4]. The CPW
BPF consists of double capacitive coupled feeding lines and a second-order rectangular
split ring uniform impedance resonator with separated electric and magnetic coupling
paths [18], as shown in Figure 2, where Figure 2a is the filter topology and Figure 2b is the
CPW structure and coupling structure. CPW has the advantages of easy shunt and series
with the other components, and via holes are not required because the conductor strip and
the ground are coplanar. On the other hand, CPW can be applied in a millimeter-wave
frequency band. The ground shunt introduces magnetic coupling (M-coupling), while
the rectangular split ring and the source load bring electric coupling (E-coupling). The
M-dominant and the E-dominant coupling paths bring two transmission zeros. The circuit
is designed on Rogers substrate, which has a relative dielectric constant of 2.2 and dielectric
height of 0.508 mm.
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Figure 1. The proposed CPW filtering antenna. (a) Top view, (b) Back side view.
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Figure 2. Bandpass filter section. (a) Bandpass filter topology. (b) CPW and the filter coupling structure.

2.2. Transmission Line Analysis

Figure 3a shows the equivalent transmission line (TL) circuit of the rectangular split
ring uniform impedance resonator (UIR) with separation electric and magnetic coupling.
Lc and Cc denote the coupling-inductance and coupling-capacitance of the split ring CPW
UIR, respectively; Z; is the impedance of the CPW uniform impedance resonator with
a width of wul. The corresponding electric length is shown in Figure 2. The equivalent
circuit of the odd mode is provided in Figure 3b, and that of the even mode is provided in
Figure 3¢, where Z, = Z3 = Z4 = Z;.

Portl Port2

73,03 24,04 Cm
72, 02

Portl

Yiny

Z3, 03 Z4,04

(b)

Figure 3. Equivalent TL model of the 2-order split ring CPW resonator with SEMC. (a) Total equivalent
TL circuit. (b) Circuit of the odd mode. (c¢) Circuit of the even mode.

For the odd mode circuit in Figure 3b, coupling capacitance, Cm, is equivalentan to an
open-circuited CPW transmission line. The electric length of the line can be represented
as 0, = arctan(2Z;W,;Cp,). Electric length can be expressed as 6 = wl,/e./c, here l is the
physical length, c is the velocity of light in free space, and ¢, is the effective permittivity.
For the even mode circuit in Figure 3¢, coupling inductance, L, is equivalent to a short-
circuited CPW line, and the electric length of the transmission line can be derived as
0 = arvtan(2Z1W,4Lim ), where W,; and W,, represent the resonant angular frequency of
the odd mode and the even mode, respectively.

From the resonant mechanism of a resonator, resonance occurs when the input ad-
mittance of the odd mode and the even mode equals zero, that is, Yin = an =0, thus the
resonant conditions of the odd mode and the even mode can be obtained, respectively, as

2w, Ci[Z3 tan 04 (1 + tan 03 tan ) + Z3 (tan 03 — tan 62)]+

Z%(tan O, tanf; — 1) + tan 94(Z% tan 0, + Z% tan6z) =0 )
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Si1 (dB)

2wepLm[Z3 (tan 6, + tan 63) + tan 04(Z2 — Z2 tan 6, tan 05)]+ o)
Z3(tan 6, tan 03 — 1) + Z3 tan 64 (tan 6 + tanf3) = 0

The 2-order CPW bandpass filter is designed with a center frequency of 3.7 GHz and a
fractional bandwidth (FBW) of 3.2%. The element values of the low-pass prototype can be
obtained as g0 =1, g1 = 0.4683, g2 = 0.4219 and g3 = 1.0533. According to Qel = g0g1/FBW,
Qen = gngn + 1/FBW, the input and output external quality factors can be calculated as
Qei = 14.63 and Qeo = 13.89.

3. Design Analysis and Results of the CPW Filtering Antenna

The filtering antenna is designed to center at 3.7 GHz, with an impedance bandwidth
of 3%. The filtering antenna dimensions are obtained by identifying the substrate and
resonant conditions in (1) and (2) and then optimized using full-wave EM simulator HFSS,
as listed in Table 1. For certain dimensions, the resonance simulated by HFSS for the
rectangular split ring UIR with separate electric/magnetic coupling approaches can be
calculation from (1) and (2). The circular patch radiator has the same central frequency as
the CPW bandpass filter.

Table 1. Dimensions of the proposed filtering antenna (mm).

W L wil gl wul wu2 lul

70 70 1.5 0.5 1.2 15 12.2
lu2 sl s2 s3 rl r2 w2
12.2 0.2 0.1 0.2 16 19 29

3.1. S-Parameter and Gain of the CPW Filtering Antenna

Simulation filtering antenna frequency responses for the dimensions provided above
are shown in Figure 4. Figure 4a shows that the filtering antenna works at 3.7 GHz and
the 511 attenuation is no more than 26 dB. Figure 4b shows that the filtering antenna has
gain of more than 2.5 dBi, from 3.5 GHz to 3.84 GHz, and dual gain zeros are realized at
3.25 GHz and 4.12 GHz. The gain zeros are due to the filter transmission zeros, which are
produced by the 2-order split ring UIR with SEMC.

5

Gain (dBi)

13" Gain zero 2

_/Gain zero 1

T

35 40 45 35 40 45
Frequency (GHz) Frequency (GHz)

(@) (b)

Figure 4. Filtering antenna S-parameter and gain. (a) Simulated S11. (b) Simulated antenna gain.

The uniform resonator shown in Figure 2a generates electric and magnetic coupling,
where the electric field is main on the split, labelled as electric coupling, and magnetic
field is main on the grounded stub, labelled as magnetic coupling. The split width s3 and
stub width wu2 versus filtering antenna frequency responses are discussed, as shown in
Figures 5 and 6, respectively.
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Figure 5. S11 and gain of the filtering antenna versus parameter s3. (a) S11 versus s3. (b) Filtering

antenna gain versus parameter s3.
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Figure 6. S11 and gain of the filtering antenna versus parameter wu2. (a) S11 versus wu2. (b) Gain

versus wu2.

The effects of electric coupling on S-parameter and gain are shown in Figure 5a and
b, respectively. As s3 increases gradually, the attenuation of S11 first decreases and then
increases, and when s3 = 0.1 mm, the antenna achieves favorable return loss and impedance
matching, as shown in Figure 5a. As for gain versus s3, when s3 changes from 0.05 mm
to 2 mm, the attenuation of the gain zero on the left side increases, thus enhancing the
out-of-band suppression level. However, the attenuation of the right gain zero decreases
with increasing s3, leading to a lowering of the out-of-band suppression level. Additionally,
the gain in the passband is significantly reduced when s3 equals 1.5 mm or 2 mm, and the
filtering antenna has a better gain when s3 = 1 mm.

The effect of magnetic coupling on S-parameter and gain are shown in Figure 6a and
b, respectively. As wu2 gradually increases, the attenuation of S11 first decreases and then
increases, while the antenna’s working frequency simultaneously increases. The antenna
achieves the best impedance matching when wu2 = 1.5 mm, as shown in Figure 6a. As for
the antenna gain, when wu2 changes from 1 mm to 2.5 mm, attenuation of the gain zero on
the left side decreases and the out-of-band suppression level reduces, while attenuation of
the right gain zero remains nearly unchanged, although the zero shifts to a higher frequency.
The filtering antenna has favorable gain when wu2 = 1.5 mm. Figures 5 and 6 demonstrate
that filtering antenna matching and gain zeros can be adjusted through electromagnetic
couplings.

As a comparison, simulated S-parameter and gain of the antenna (the filter is removed
from the filtering-antenna structure) are shown in Figure 7. The figure shows that there
is out-of-band spurious and discontinuity of gain, but there is no gain zero without the
filtering part. Antenna performance can be improved when the filter is introduced, as
shown in Figure 7.
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Figure 7. S-parameter and gain of the antenna (when the filter is removed). (a) S11. (b) Gain.

3.2. Patterns and Current Profile of the CPW Filtering Antenna

A simulated filtering antenna surface current profile is provided in Figure 8. The
current is predominantly distributed around the CPW resonator with electric and magnetic
couplings and the circular patch radiator, and the currents run through the circular-patch
radiator without altering the orientation. This shows that the filtering antenna can generate
a nearly omnidirectional pattern in the plane that is parallel to the magnetic field. Antenna
radiation is closely connected to the antenna surface current.
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Figure 8. Surface current distribution of the CPW filtering antenna at 3.7 GHz.

The simulated co-/cross-polarization patterns of the CPW filtering antenna and the
antenna without the filtering part are shown in Figures 9 and 10. The E-plane and the
H-plane of the co-/cross-polarization patterns of the CPW filtering antenna are shown
in Figure 9a and b, respectively, while the E/H planes of the CPW antenna without the
filtering part are shown in Figure 10a and b, respectively. The antennas with and without
filtering parts have similar radiation patterns and it can be concluded that our proposed
filter with SEMC has almost no influence on antenna patterns, although it helps to improve
out-of-band suppression and gain discontinuity.
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3.3. Fabrication and Experimental Results

0

(a)

Figure 10. Antenna patterns (filter part is removed). (a) E-plane (xoz). (b) H-plane (yoz).

The proposed CPW filtering antenna is manufactured as shown in Figure 11a,b. Mea-
sured results of S-parameter and gain of the filtering antenna are shown in Figure 12a,b.
Measured filtering antenna patterns for E/H planes are shown in Figure 13a and b, re-
spectively. The measured results are similar to the simulations. The filtering antenna had
measured impedance bandwidth of about 3% and maximum gain of 2.98 dBi, and gain
zeros and omnidirectional radiation were verified. The error between measurement and

—— co-polarization
- - -cross-polarization

7120

-204

402

-204

0 —— co-polarization
- - cross-polarization

simulation results may be due to fabrication uncertainty and material errors.

Figure 11. Manufactured filtering antenna. (a) Top view. (b) Backside view.
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Figure 13. Measured filtering antenna patterns. (a) E-plane (xoz) pattern. (b) H-plane (yoz) pattern.
3.4. Performance Comparisons
Differences between this study and relevant published reports are given in Table 2.
The presented filtering antenna has higher working frequency than reported in the
literature [4,8,11], has more gain zeros than reported in [4,5,8,19-21], and more gain than re-
ported in [4,8,20,21]. It also has better out-band rejection compared with references [4,5,8,11].
Meanwhile, the CPW structure is not commonly used. The advantages of controllable
bandwidth, gain zeros, and small circuit dimension have been verified.
Table 2. Contrast between our study and previously published studies.
Center Frequency . Spurious Bandwidth Max. Gain S Size
References (GHz) Gain Zeros Responses Controllable (dBi) Circuit Type (mm?)
[4] 2.45 no no na 241 microstrip 43 x 30
[5] 3.95 no yes na 43 microstrip 30 x 20
[8] 2.45 no no na -1.3 microstrip 60 x 70
[11] 0.67 2 yes na 42 microstrip 80 x 80
doul[allz]stub 3.6 no yes - 3.13 microstrip 35 x 44
[20] 3.6 no yes - 2.57 microstrip 35 x 44
[21] 3.68 no no - 22 microstrip 24.2 x 27
This work 3.7 2 no yes 2.98 CPW 70 x 70
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4. Conclusions

A new coplanar waveguide filtering antenna that utilizes double 2-order rectangular-
shaped split-ring resonators with SEMC and a CPW circular radiator is presented. The
filtering antenna was analyzed and the measured results agree with the simulation, which
has a center frequency of 3.7 GHz, a radiation gain of about 2.98 dBi, and an impedance
bandwidth of about 3% with a S11 attenuation of more than 12 dB. The new integration
design of the filtering antenna not only has radiation patterns similar to those of the
circular radiator, but also generates a pair of gain zeros that effectively suppress undesired
spurious responses. The gain zeros enhance frequency selectivity through electromagnetic
coupling of the filter section, while the antenna bandwidth can also be controlled by the
electromagnetic couplings. The proposed CPW filtering antenna has a simple topology,
and transition circuit and via holes are not required, thus reducing the cost of design
and manufacture. Thus, it has potential development on dual-band and applications in
millimeter wave bands.
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