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Design of Wideband Circularly Polarized Filtering Antenna with
High Frequency Selectivity and Gain Flatness
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Abstract—In the paper, a wideband circularly polarized (CP) filtering antenna is proposed, which is
composed of four bent Vivaldi elements excited with sequential-rotated feeding technique. Since the
Vivaldi element has the advantages of high gain and wide bandwidth, it is selected as the radiation
element. On this basis, two cross slots are etched on the Vivaldi antenna to increase the gain at
lower frequency band, and bent method which has less effect on the overall performance is applied for
lowing the profile of the antenna. To realize filtering characteristic, the quadrature four-feed network
consisting of one modified miniaturized filtering rat race coupler (FRC) and two compact wideband
quadrature couplers is utilized as the sequential-rotated feeding for the Vivaldi elements. Design
procedures of the Vivaldi antenna, the modified filtering FRC, and the quadrature four-feed network
are given. For validation, a prototype is fabricated and measured. Results show that more than 60%
fractional bandwidth (FBW) is achieved under the criterions of more than 10dB return loss and less
than 3 dB axial ratio. Within the AR bandwidth, the gain is in the range of 7.5 dBic ~ 10.1dBic. Out
of the operation band, the gain sharply decreases to be lower than 5dBic with a rectangle coefficient
(INormalized Gain_j0.gg/Gaing.qg|) of 1.25, which indicates good filtering performance.

1. INTRODUCTION

Circularly polarized (CP) antennas [1,2] are widely used in satellite communications, radio frequency
identification (RFID), mobile communication systems, and wireless sensor networks due to their abilities
to resist multipath effects and polarization mismatch, resulting in improved signal quality and reliability.
At present, the researches on CP antenna include wideband design, high gain, wide beam, etc. To achieve
wideband operation, the commonly used structures include slot antennas [3, 4], spiral antennas [5, 6],
aperture antennas [7, 8|, and crossed dipoles [9, 10].

In addition to the above studies, filtering characteristics are often integrated into the antenna to
suppress out-of-band interference signals and increase integration. In [11], a single-layer CP antenna
with filtering response introduced by four thin microstrip stubs and four shorting pins is proposed. It
can realize the bandpass filtering function without requiring an external filter. However, the 3-dB axial
ratio (AR) bandwidth is only 4.1%, which limits the application. In [12], a high-gain CP filtering stacked
patch antenna with independently controllable radiation nulls is designed, where the CP bandwidth is
8.2%. However, adding a stacked patch still cannot expand the CP bandwidth of the antenna obviously.
In [13], a compact filtering patch antenna is excited with a fork-shaped line and two half-wavelength
strips. On the basis, a CP two element filtering array is designed which has a 3-dB AR bandwidth of
11.4%. However, the lateral dimension is doubled by forming the array. Besides, the bandwidths of
reported filtering CP antennas are all less than 15%, which is unsuitable for wideband applications.

Recently, several methods have been presented to expand the AR bandwidth of the filtering CP
antennas. In [14], a wideband filtering quadrature coupler based on a snow flake shaped patch and
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quarter wavelength coupled line sections are proposed as the feeding network of a dielectric resonator
antenna. The measured AR bandwidth reaches 27.8%. In [15], the wideband filtering response is
introduced by interdigital coupling line feed on an integrated substrate gap waveguide transmission
line. Although the bandwidth for 10-dB return loss is extended to 35.06%, the 3-dB AR bandwidth is
only 10%. In [16], to achieve a wide AR bandwidth, a parasitic patch with two diagonal slots is loaded
on the top of a chamfered patch excited by double Y-shaped slots. As a result, the 3-dB AR bandwidth
of 47.3% is realized. However, the gain flatness and frequency selectivity are poor.

In this paper, a wideband CP filtering antenna with high frequency selectivity and gain flatness
is proposed. By using the bent Vivaldi elements, high gain and wide bandwidth can be obtained with
low profile. Besides, the gain at lower frequency band is increased by inserting two cross-slots. For
filtering purpose, the quadrature four-feed network consisting of one modified miniaturized filtering rat
race coupler (FRC) and two compact wideband quadrature couplers is utilized as the sequential-rotated
feeding for the Vivaldi elements. For validation, a prototype is fabricated and measured. Measurement
results show that the prototype has an overlapped fractional bandwidth (FBW) of 60% under the
criterion of 10-dB return loss and 3-dB AR, while the gain is in the range of 7.5 dBic ~ 10.1 dBic within
the AR bandwidth. Besides, the rectangle coefficient (|[Normalized Gain_1g.qp/Gaingggl) is 1.25, and
the out-of-band gain is lower than —5 dBic, which demonstrates good filtering responses.

2. ANTENNA CONFIGURATION AND DESIGN PROCEDURE

2.1. Configuration of the Wideband Filtering CP Antenna

Figure 1 displays the structure of the proposed filtering CP antenna, which is composed of four bent
Vivaldi elements with sequential-rotated feeding. Since Vivaldi structure has the characteristics of
wideband and prominent radiation, it is applied as a radiator. Besides, a pair of cross slots are etched,
and curved metal portions are cut out from the antenna to reduce size and achieve high gain at lower

Figure 1. Configuration of the proposed wideband antenna. (W; = 159mm, Wy = 2.8mm,
Lo = 34mm, W3 = 29mm, L3 = 12mm, Wy = 2.5mm, Ly = 5.9mm, W5 = 1.45mm, Ls = 12mm,
W¢ = 1.3mm, Lg = 8mm, Ly = 8.5mm, h, = 120.5mm, d; = 94mm, R; = 7Tmm, Ry = 7.1 mm).
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frequency band. For further miniaturization, bent structure is used for the Vivaldi antenna. Equation (1)
gives the functions for plotting the curves of fi, fo, and f3 [17]. It is noted that the variable a in (1)
determines the position of the curves which is related to the selected coordinate system. In this design,
variable a for f; is along the z direction, and changes from 0 to 155mm, while variables a for f,
and f3 are both along the x direction, where the variation ranges are —77.5mm ~ —30.5mm and
—60 mm ~ —30.5 mm, respectively.

f1curve = 3.93¢192% — 0.0033 (1a)
fo curve = —b133e230% 1 0.012¢ 91 (1b)
f3curve = (1.28 x 10'3) 2464 — 0.133e 95 (1)

A filtering quadrature four-feed network is utilized as the sequential-rotated feeding, which is
located on the lower surface of the antenna. Copper columns are used to connect the feeding network
with the four bent Vivaldi elements, as shown in Fig. 1. Fig. 2 gives the structure of the filtering
quadrature four-feed network. It is composed of one modified miniaturized filtering race coupler (FRC)
and two compact wideband quadrature couplers. Here, the modification of the FRC is based on the
original design proposed in [18], where size reduction is obtained. Besides, the quadrature coupler
which is composed of an inductor loaded coupled line and open-ended stubs is applied for achieving
both wideband and small size [19]. In the following, the detailed designs of the bent Vivaldi elements
and filtering quadrature four-feed network are introduced respectively.

Compact FRC

Figure 2. Structure of the filtering quadrature four-feed network. (Wg = 0.25mm, Ly = 24 mm,
Wo = 0.9mm, Ly = 6.34mm, Wy = 3.6mm, Lgy; = 13.5mm, Wy = 0.9mm, Ly = 6.2mm,
Ws1 = 0.8mm, Loy = 8.5mm, W31 = 0.38mm, L3; = 5.78 mm, W5; = 0.4mm, Ls; = 31.5mm,
We=0.8mm, S = 0.19mm, We; = 0.9mm, Ly = 9.4mm, lf1 = 34.7mm, lyp = 21 mm, [;3 = 18.9 mm,
Wso = 3.73mm, [ . = 2mm, r , = 5.7mm).

2.2. Design of the Antenna Based on Bent Vivaldi Elements

Figure 3 shows design evolutions of the proposed antenna. The corresponding performances are shown
in Fig. 4. The initial structure starts from Ant. 1 where a typical Vivaldi antenna is designed. To
increase the gain at lower frequency band, two cross slots are etched on the Vivaldi antenna. It is seen
in Fig. 4 that the gain of Ant. 2 at lower frequency band is obviously improved compare with Ant. 1,
while the bandwidth for 10-dB impedance matching is nearly unchanged. On this basis, Ant. 2 is split
along the bend line, and the upper part is folded and formed into a bent Vivaldi antenna with the lower
part, which results in Ant. 3. This operation can accomplish antenna miniaturization and reduce the
antenna height by 31.1%. As seen in Fig. 4, the bending process has small effect on the impedance
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Figure 3. Evolutions of the proposed antenna.
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Figure 4. Simulated results of the four evolutions. (a) |S11| and AR. (b) Gain.

matching and gain of the antenna. Finally, the four bent Vivaldi elements are rotated by 90° in turn and
then connected to each other to construct a CP antenna (Ant. 4), where the sequential feeding approach
is adopted to obtain CP radiation. It is noted that the bending parts for the adjacent elements are
overlapped. As can be seen in Fig. 4, an impedance bandwidth of 94.3% (0.88 ~ 2.20 GHz) is obtained
for Ant. 4 under the criterion of 10-dB return loss, while from 1.05 GHz to 2.1 GHz, the AR is less than
3dB with a realized gain within 6.3 dBic ~ 11.1 dBic.



Progress In Electromagnetics Research Letters, Vol. 113, 2023 105

2.3. Design of the Filtering Quadrature Four-Feed Network

Figure 5 shows the schematic of the proposed filtering quadrature four-feed network. It is composed of
one modified miniaturized wideband filtering FRC and two wideband quadrature couplers, where the
couplers are connected to the out-of-phase ports of the FRC. According to [19], the parameters of a
3-dB compact wideband coupler can be calculated, where C7 = 3.1pF, L1 = 4.9nH, Z5. = 106.6 (2,
Zoo = 460, Zy = 36€2, 01 = 57.5° and Oy = 25.3°. In the following, the design of the modified
miniaturized wideband filtering rat-race coupler is mainly introduced. The original structure of the
FRC is proposed in [18], which has the merits of filtering response, wide bandwidth, and flat output
distributions. However, the FRC in [18] is large in size and not suitable for constructing the feed network
of the proposed CP antenna. Thus, modification is performed to reduce the size.
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L
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L —__J Port 3
TL1 Port 2
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Figure 5. The schematic of the proposed filtering quadrature four-feed network.

In order to reduce the size of FRC, as well as keep output ports phase flatness, the TL1s (Z1, 6) and
TL2s (Zy, 6) are replaced by three-period stepped-impedance T-type (SMT) TL, where the schematic
is shown in Fig. 6(a). In addition, the CL1 (Zi¢, Z1,, 6) is replaced by a short-circuited CL loaded
with open-ended stubs and one capacitor, as shown in Fig. 6(b). Using equivalent theory, the relations
between the TL1/2 and its modified miniaturized structure are listed in (2).

B2
tal’lg
Zst = 227015 (2&)
tan —~
an 5
0 0
9 Zst—chot—Qtanit
Y;)t == 7 . 9 6 52 - cot 901‘, (Qb)
st 7 tan —- + Zo cot —
2 6
Z2tan?6, — Z2
Zy = Zoy| =4 -0 2
2 a\/Zg tan? 6, — Z2 (2¢)

_ ZO — Za tan Ga)(Za — Zo tan Ga)
0y = 2[tan? ( 2d
2 (an \/(ZO ¥ Zqtan 04)(Za + Zo tanf,) (2d)

Here, the values of Z, and 6, with replacing TL1 are set to 120€) and 5°. The values of Z, and 6,
with replacing TL2 are set to 90 and 10°. According to Fig. 6(b), by multiplying the matrices of
capacitor-loaded short-circuited CL [Ay2] with the open-ended stub [Ag], the ABCD matrix [A,] of
short-circuited CL loaded with open-ended stubs and one capacitor is derived.

AB}

Ad=lAa] ] Ual=| & 3 (3a)
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Figure 6. Equivalent circuits of (a) TL1 and TL3. (b) CL1.

where

Zo(tan by — 2cot 0p)(1 — wCZ,tanby) + Z, tan %(WCZO + tan 6p)

A=D = Zotanby(1 — wCZ,tanby) — Z,(wCZ, + tan bp)
tan %ZOZe(l —wCZ,tan )
o1 [Zy tan 6o(1 — wC Z, tan fy) — Ze(wC Z, + tan o))
B - §Z0Ze(1 — wCZ,tan b)
Zotanby(1 — wCZ,tanby) — Z.(wCZ, + tan )
o 2 tan 9% [Zo(tan Oy — 2 cot 0p) (1 — wCZ, tan by) + Z.(wCZ, + tan bp)]

JjZo1Z, [tan by (1 — wCZ,tanby) — (wCZ, + tan )]
<tan2 % — Zgl> [ZoZe(1 — wCZ, tan b))

+ngl [ZotanOy(1 — wCZ, tanby) — Ze(wCZ, + tan by)]

The ABCD matrix of the CL1 can be expressed as

A, B
o & b
A — D — cot0/Zy. + cot 8/ Z1,

cscl/Z1e —cscl/Zy,
2j

B. —
© " cscl)Zye —cscl] 7y,

1/2126 + 1/Z120 — 2(cot2 6 + csc? 0)/(Z1€Z10)

Ce = J/2(csc ) Z1e—cscl/Zy,)
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(3d)

(4a)
(4b)

(4¢)

(4d)

By equalizing the matrix parameters in [A,] and [A.], the replacement of CL1 by the short-
circuited CL loaded with open-ended stubs can be performed. Table 1 illustrates the calculated circuit

parameters of the modified FRC.

Figure 7 shows the theory results of the designed modified FRC. It is seen that under the criterion
of |S11| < —10dB, the relative bandwidths for ports 1 and 4 excitations are 67% and 54%, respectively.
In the whole shown frequency band, the isolations of the FRC are both larger than 20 dB. Besides, in
the bandwidth of 1.16 GHz to 1.66 GHz (38%), the output ports amplitude imbalances (APIs) are less
than 0.5dB, and the phase difference (PD) errors are within +5° for both ports 1 and 4 excitations.
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Figure 7. Theory frequency responses of the modified FRC. (a) |S11|, |S21| and |S31|. (b) |Saa|, |S24]
and |534|. (C) |522|, ‘533| and ‘S41|. (d) 4521 - 4531, 4524 - 4534.

Table 1. The calculated parameters of the designed FRC.

Zo () Zg(Q) Zu(Q) Za1 () Ze1 () Zo () C (pF)

120 146 100 91.5 93 28 1.06
Zn () Z2(Q) Z3(Q) Z5(Q)  Z.(Q)  Zo(Q)  6.(°)
116.4 90 136 92 161 67 5.4
Ot (°) 0ot (°) 61 (°) O (°)  Oor1 (°) 0o (°) 601 (°)
17.5 14.9 10.32 7.86 12.6 46.6 31

When the modified FRC is combined with the 3-dB compact wideband coupler, a quadrature four-
feed filtering network is constructed, as shown in Fig. 2. It is noted that a size reduction of 57.4%
is obtained, comparing the modified FRC with the original one in [18]. Fig. 8 shows the simulated
frequency responses of the four-feed network. It is seen that the return loss is larger than 10 dB from
0.99 GHz to 1.8 GHz, yielding a relative bandwidth of 62.1%. While the output port distributions are
6.2+0.7dB, and the £5° phase inaccuracy is expected in the bandwidth of 1.16 GHz to 1.8 GHz (46%).
For 10-dB out-of-band rejection, the simulated bandwidth is extended to 3.16 GHz (2.26 fy). Besides,

the 3-dB FBW is from 0.92 GHz to 1.86 GHz, and the rectangular coefficient (|[BW39q5/BWgan|) is
1.35.

3. EXPERIMENTAL RESULTS

For demonstration, the designed antenna and feed network are fabricated on an F4BM substrate.
(e, = 3, tand = 0.001, h = 1.5mm) and integrated, as shown in Fig. 9. The overall dimension of
the antenna is 170 mm x 170 mm x 122 mm. The simulated and measured results of |S11|, AR, and gain
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Figure 8. Simulated results of the final feed network (a) S-parameters. (b) Amplitude imbalance and
phase difference.
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Figure 9. Photograph of the fabricated antenna (a) 3D view. (b) Bottom view.
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Figure 10. Simulated and measured results of the fabricated antenna (a) [S11]. (b) AR and gain.

of the fabricated antenna are shown in Fig. 10. As can be seen, the measured FBW under the criterion
of 10-dB return loss is in the range of 1.04 GHz ~ 1.88 GHz (60%), and the 3-dB AR bandwidth is
from 1.06 GHz to 1.9 GHz (60%). In AR bandwidth, the gain is in the range of 7.5 dBic ~ 10.1dBic,
which has flatness. On the other hand, out of the operation band, the gain is sharply reduced to be
lower than 5dBic, which indicates good out-of-band rejection. The measured RC of the fabricated
antenna is 1.25 under the criterion of |Normalized Gain_jo.qp/Gainggp|. Fig. 11 shows simulated and
measured radiation patterns of the proposed antenna in which the radiation fields of right hand circular
polarization (RHCP) are more than 15dB stronger than that of the left hand circular polarization
(LHCP) in the main direction with symmetric radiation patterns.
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Table 2. Performance comparisons between the designed and CP filtering antenna.

10-dB FBW (%) ARBW (%) RC Out-of-band suppression (dB) Gain® (dBic) Size (A\3)
[11] 4.5% 5.3% 1.83 5-8.3 0.5 x 0.5 x 0.02
[12] 15.2% 8.2% 1.96 4.5-7 0.52 x 0.52 x 0.06
[13] 11.4% 11.4% 1.38 7-10.7 1.54 x 0.88 x 0.035
[15] 35.06% 10% 1.45 6-8 0.55 x 0.55 x 0.05
[16] 59.4% 47.3%  1.85 59 —
This work 60% 60% 1.25 7.5-10.1 0.74 x 0.74 x 0.56

# Gain in the AR bandwidth. RC = |Normalized Gain_1¢.ag/Gaing.qg|. Ao is the wave length at the lowest operating

Table 2 compares the performances of presented antenna with the reported filtering CP antennas.
Though the antennas in [11-13] have good frequency suppression levels, they all show narrow FBW and
AR bandwidths (< 15%). The antenna in [15] also has narrow AR bandwidth. Although an extended
bandwidth is observed for the CP antenna in [16], the frequency selectivity and gain flatness are worse
than the proposed antenna. In summary, the proposed CP filtering antenna has the merits of wide
bandwidth, high gain, good filtering characteristic, and gain flatness feature, which can be used for
wideband CP applications.
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4. CONCLUSION

In this paper, the design of a wideband filtering CP antenna is performed based on the four bent
Vivaldi elements excited with sequential-rotated feeding technique. The Vivaldi element is used as a
radiator due to the advantages of high gain and wide bandwidth. Besides, two cross slots are etched,
and bent method is used to increase the gain at lower frequency band and decrease the profile of the
antenna, respectively. Filtering response is obtained by using the quadrature four-feed network where
the essential component is the modified FRC with filtering characteristic and small size. A prototype is
fabricated. Results show that the proposed antenna has the advantages of wide bandwidth, high gain,
good frequency selectivity, and gain flatness feature compared with other filtering CP antennas, which
can be a good candidate in wideband CP applications.
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