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Design of a Novel Miniaturized Wide Stopband Filtering Coupler
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Abstract—This paper designs a miniaturized, wide stopband microstrip filtering coupler based on
coupled resonators. Firstly, a short-stub loaded uniform-impedance resonator (SSLUIR) is proposed,
and the size of the SSLUIR is reduced by adjusting the impedance ratio of the stubs and bending
them. Then, the resonance performance of SSLUIR during electrical and magnetic coupling is studied.
By adjusting the electrical length of the short stubs, higher harmonics are suppressed, and the upper
stopband is widened. Finally, a 3dB 180° microstrip filtering coupler is designed based on SSLUIRs.
The measurement results show that the center frequency of the filtering coupler is 2.43 GHz, with a
relative bandwidth of 6.6%. It can suppress harmonics within the 8.2 fy range by more than 18 dB and
has a size of 0.23)\4 x 0.33\4. The correctness of the design method for miniaturized and wide stopband
filtering coupler has been verified.

1. INTRODUCTION

As the size of mobile terminals continues to decrease, the requirements for miniaturization and
integration of circuits and devices are also constantly increasing [1-3]. As a key component of wireless
communication systems, the research on filtering couplers is of great significance. In traditional wireless
communication systems, filters and couplers are cascaded together, which not only leads to larger circuit
sizes but also leads to additional losses due to stage mismatch. To solve this problem, one design solution
is to integrate the filter and coupler for design.

At present, there are two main directions for the design of microstrip filtering couplers: the first
is the design of harmonic suppression couplers based on transmission line resonators [4-9], and the
second is the design of filtering couplers based on coupled resonators with bandpass response [10-13].
The design method of harmonic suppression couplers based on transmission line resonators usually uses
transmission lines with frequency selection characteristics to replace the traditional 1/4 wavelength
transmission lines of couplers. The design process is simple, but lacks bandpass response and is large
in size. In [4], a branch-line hybrid (BH) topology is suggested, and a compact equivalent circuit
of a transmission-line is suggested for harmonic suppression BH which can be applied to all possible
power-division ratios. [6] achieved a coupled line forward directional coupler with inherent harmonics
suppression at 2fy by using the inductor loaded coupled line and inserting the open-circuited stubs.
In [7], a coupler with high harmonic suppression function was designed by loading stepped impedance
stubs on the transmission line. [8] proposes branch line couplers with compact size and harmonic
suppression based on non-periodic reactively loaded artificial lines. The reactive loading elements of
the lines provide transmission zeros, which suppress the harmonic content of the device efficiently.
In [10], a filtering coupler that can achieve power distribution, phase shift, and bandpass response was
designed by combining four half wavelength uniform impedance resonators. A wide stopband filtering
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coupler composed of coupling lines and stepped impedance units is proposed in [11], which can suppress
harmonics within the 5.24f) range by more than 10dB. [12] designed a novel wideband coupled-line
filtering coupler for arbitrary high power-division ratios, a modified stepped impedance resonator (SIR)
with a self-coupled section is proposed in [13], which is employed to design a class of compact dual-band
bandpass filters (BPFs) with wide controllable range of frequency ratio. The filter based on self-coupled
resonator has good performances of no frequency dispersion in wideband and compact size, but does
not have harmonic suppression characteristics.

This paper integrates the design of filters and couplers, and designs a miniaturized, wide stopband
filtering coupler. Firstly, a short-stub loaded uniform-impedance resonator was designed, and its
resonant characteristics were analyzed using the ABC'D matrix and admittance Y parameters. By
adjusting the impedance ratio of the stubs and bending them, the size of the SSLUIR was effectively
reduced. Then, the resonance performance of SSLUIR during electrical and magnetic coupling was
studied, by adjusting the electrical length of the short stub, introducing a transmission zero point,
suppressing high-order harmonics, and achieving a wide stopband. Finally, a 3dB 180° microstrip
filtering coupler is designed based on SSLUIRs by using the analysis method of external quality factor
and coupling coefficient. According to the results, the center frequency of the filtering coupler is
2.43 GHz, with a relative bandwidth of 6.6%. The minimum insertion loss is 3.9dB, which includes
a filtering loss of 0.9dB and a power distribution of 3dB. The isolation degree is greater than 20dB,
and the harmonic suppression within the 8.2 fy range is more than 18 dB. The phase imbalance in the
passband does not exceed 9°; the amplitude imbalance does not exceed 1.2dB; and the size of the
filtering coupler is 0.23Ay x 0.33)\;. The measurement results indicate that the filtering coupler has
excellent performance, miniaturization, and wide stop-band characteristics.

2. RESONANCE CHARACTERISTICS OF SSLUIR

This paper proposes an SSLUIR to design a filtering coupler, as shown in Fig. 1. Y7 and Y5 represent the
characteristic admittance of the uniform impedance transmission line and the short stub transmission
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Figure 1. (a) Short-stub loaded uniform-impedance resonator. (b) Equivalent circuit.
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line, while 601, 05, 03 represent electrical length.

Using the ABC D matrix for analysis, the input admittance values are obtained through network
transformation. For convenience, in the following analysis, only the lossless case is considered. According
to the ABC'D matrix theory of transmission lines, the ABC D matrix of each transmission line can be
obtained. The ABCD matrices of uniform impedance transmission lines and short stub transmission
lines are represented as Miine1, Mstub1, and Mgupo, respectively:

[ cosby  jZysinb
Miner = | jYisin®;  cost; (1)
[ 1 0
Mstubl - I —JYQ cot 02 1 :| (2)
[ 1 0
The ABC'D matrix of SSLUIR can be expressed as:

A B
C D
= Mlinel X Mstubl X Mstub2 X Mlinel

Z1 sin 201 (Y5 cot 09 + Y> cot 6
cos 201 + 15in 204 2C02 2+ Y300t 0s) jZ1 sin 2604 +jZ12 sin&%(Yg cot 0 + Y cot 03)
= (4)

Z1 sin 201 (Y cot 3 + Yo cot 6
jY1sin 261 — jcos 62 (Ya cot O3 + Yo cot f3)  cos 201 + 1510 26, ( 2CO2 2 + Y3 cot f5)

By converting the ABC D matrix to the admittance parameter, it can be concluded that:
g _ jY1sin26; — jcos 9% (Y3 cot O3 + Ya cot 03)
o Z1 sin 291 (YQ cot 92 + Y2 cot 93)

2

j2Y2 — jY7 cot 01 (Ya cot B + Yz cot f3)

= 5
2Y7 cot 201 + Y5 cot 09 + Y5 cot O3 (5)

For the convenience of analysis, assuming ¢ = 63 = 03 = 0, (5) is transformed into:
YR —jV1Yacot? 6 (©)
Y] cot 20 + Ys cot 6

If Y;n = 0, the resonance conditions can be obtained as follows:

Q:arccotwg (7)

When Y] = Y5 and 0 = 45°, the electrical length of the uniform impedance transmission line is
one quarter of the working wavelength. By setting the impedance ratio K = Y;/Ys = Zy/Z;, between
the short stub and the uniform impedance transmission line, and normalizing the electrical length of
the transmission line with 8 = 45°, a function image between the electrical length 6 and the impedance
ratio K can be constructed, as shown in Fig. 2.

}/in:

cos 2601 +

3. DESIGN AND ANALYSIS

3.1. Magnetic Coupling Analysis

The magnetic coupling between resonators is achieved through short-circuit coupling lines, as shown
in Fig. 3(a). In order to reduce the circuit area, the loaded open and short stubs are bent. According
to transmission line theory, by adjusting the length of the circuit, a phase difference of —90° can be
obtained. Fig. 3(b) shows the simulation results of the S-parameters of the resonator connected by
magnetic coupling. It can be seen that the center frequency of the passband is 2.4 GHz, and the width
of the upper stopband exceeds 8 fy, indicating that the circuit has a wide stopband characteristic.
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Figure 2. The variation curve of electrical length 6 with impedance ratio K.
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Figure 3. (a) Magnetic coupled resonant circuit. (b) S-parameter simulation result.

Keeping the other parameters of the resonant circuit unchanged and changing the length of the
short stub [b, it can be seen from Fig. 4(a) that when (b changes from 12.1 mm to 11.1 mm, higher-order
harmonics appear in the upper stopband of the resonant circuit. This is because the length of the
short stub is no longer equal to the quarter wavelength corresponding to the higher-order harmonics,
so it is unable to suppress higher-order harmonics, and parasitic passbands appear. Keeping the other
parameters of the resonant circuit unchanged and changing the width of the short stub ws, it can be
seen from Fig. 4(b) that as the stub width increases, the center frequency of the resonant circuit moves
towards the high-frequency direction. This is due to the decrease in impedance ratio between the short

stub and the open stub.

3.2. Electrical Coupling Analysis

The electrical coupling between resonators is achieved through open circuit coupling lines, as shown in
Fig. 5(a). In order to reduce the circuit size, the loaded open and short stubs are bent. According to
transmission line theory, by adjusting the length of the circuit, a 90° phase difference can be achieved.
Fig. 5(b) shows the simulation results of the S-parameters of the resonator connected by electrical
coupling. It can be seen that the center frequency of the passband is 2.4 GHz, and the width of the
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Figure 4. (a) The influence of b on Sa;. (b) The influence of ws on So;.
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Figure 5. (a) Electrically coupled resonant circuit. (b) S-parameter simulation result.

upper stopband exceeds 6 fj, indicating that the circuit has a wide stopband characteristic.

Keeping the other parameters of the resonant circuit unchanged and changing the length of the
short stub lec, it can be seen from Fig. 6(a) that when lc changes from 7.8 mm to 8.8 mm, higher-order
harmonics appear in the upper stopband of the resonant circuit, causing the upper stopband to become
narrow. Keeping the other parameters of the resonant circuit unchanged and changing the length of
the open stub [0, it can be seen from Fig. 6(b) that as the length of the stub increases, the phase of
the resonant circuit passband gradually decreases. Therefore, the required phase can be obtained by
selecting an appropriate electrical length.

3.3. External Quality Factor Analysis

This article designs a new type of microstrip 180° filtering coupler, which has a center frequency
of 2.4GHz, a coupling ratio of 3dB, a relative bandwidth of 4%, a passband ripple of 0.1dB, and
a corresponding return loss of 16.4dB. According to the indicators, the parameters of the low-pass
prototype filter are: g1 = 0.8431, g2 = 0.6220, and g3 = 1.3554. After the design index of filtering
coupler is determined, the corresponding external quality factor of input and output can be obtained
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as Qe1 = Qe2 = 21.1. The HFSS electromagnetic simulation software is used to extract the relationship
between the gap between the input and output ports and the resonator and the external quality factor.
Fig. 7(a) shows the structure corresponding to extracting the external quality factor, and Fig. 7(b)
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Figure 6. (a) The influence of lc on So1. (b) The influence of [0 on So;.
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Figure 7. (a) Structure of extracting external quality factor. (b) Relationship between the gap between
the port and the resonator and the external quality factor.
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shows the relationship between the distance (S1 and S2) between the input and output ports and the
resonator and the external quality factor. Compare the extracted Q). values with the theoretical Q.
values to select the most suitable coupling gap. It can be seen from Fig. 7 that the initial value of
coupling gap corresponding to the theoretical external quality factor S1 = 52 = 0.2 mm.

3.4. Coupling Coefficient Analysis

After determining the design indicators of the filtering coupler, the coupling coefficient between adjacent
resonators can be calculated as k19 = —koz = kgq = k14 = 0.033. HFSS is used to extract the relationship
between the gap and coupling coefficient between adjacent resonators. The structure corresponding to
the extraction of coupling coefficients is shown in Fig. 8(a), and the relationship between the coupling
gaps (53,54, and S5) between resonators and the coupling coefficients is shown in Fig. 8(b). The
extracted k values are compared with the theoretical k£ ones to select the most suitable coupling gap.
From the figure, it can be seen that the initial coupling gap values S3 = 0.5 mm and 54 = S5 = 0.3 mm
corresponding to the required coupling coefficient.
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Figure 8. (a) Structure for extracting coupling coefficients. (b) The relationship between the gap
between adjacent resonators and the coupling coefficient.
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4. MEASUREMENT AND ANALYSIS

In order to verify the above method, a 180° coupler with bandpass response of microstrip structure is
designed and fabricated on a Rogers4730 dielectric substrate with dielectric constant €, = 3, loss tangent
0 = 0.0023, and thickness h = 1mm. The structure layout is shown in Fig. 9. HFSS software is used
to model, simulate, and optimize the structure of the filtering coupler, and finally determine the main
parameters as shown in Table 1. The size of the filtering coupler is 18 mm x 26 mm (0.23\4 x 0.33),).
The optimized optimal structure is processed and tested, and the processed filtering coupler is shown
in Fig. 10.

When port 1 is the input port, the comparison between the measured and simulated results of the
S-parameter is shown in Fig. 11. For ease of observation, the broadband and narrowband results are

Figure 9. Filtering coupler layout.

Figure 10. Physical image of filtering coupler.

Table 1. Main size parameters of filtering coupler (unit: mm).

S1102| 55103 la 4 13 | 12.7
52102 | wl |16 b |109 | ws| 1.2
S3 105 w0 |16 | lc | 88 | ¢ | 88
S4103 |10 | 25| wd| 12
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Figure 11. Comparison of S-parameters between measured and simulated results at port 1 input (a)
narrowband, (b) wideband.
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Figure 12.

(a) Measurement and simulation results of output port phase.

(b) Measurement and

simulation results of output port amplitude imbalance.

displayed separately. The comparison between the measured and simulated results of the phase of the
output port is shown in Fig. 12(a). The comparison between the measured and simulated results of
the amplitude imbalance of the output port is shown in Fig. 12(b). Through comparison, it can be
found that the curve direction of the measured results and simulation results is basically the same. The
isolation degree of the coupler is greater than 20 dB, and the 3dB bandwidth of the filter is 2.35 GHz—
2.51 GHz. It can suppress harmonics within the 8.2 fy range by over 18 dB. The phase imbalance within
the passband shall not exceed 9°, and the amplitude imbalance shall not exceed 1.2 dB. According to the
measured results of S-parameters, the center frequency of the passband is 2.43 GHz, which is 30 MHz
higher than the center frequency of the simulation results. This may be caused by the deviation in
the processing of the fine microstrip. The overall insertion loss of the measured passband is slightly
higher, with a minimum insertion loss of 3.9dB, which is 0.6 dB higher than the simulation results.
The main reason may be the influence of SMA joint loss and welding discontinuity. According to the
comparison between the measured phase results of the output port and the simulation results, it can
be seen that the measured phase of the port has moved slightly towards high frequency synchronously
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Figure 14. (a) Measurement and simulation results of output port phase. (b) Measurement and
simulation results of output port amplitude imbalance.

with the center frequency, but the phase difference between the ports has hardly changed.

When port 3 is the input port, the comparison results of the measured and simulated S-parameters
are shown in Fig. 13. For ease of observation, the broadband and narrowband results are displayed
separately. The comparison between the measured phase results of the output port and the simulated
results is shown in Fig. 14(a). The comparison between the measured amplitude imbalance of the output
port and the simulated results is shown in Fig. 14(b). Through comparison, it can be found that the
curve directions of the measured and simulated results are basically the same. The isolation degree of
the coupler is greater than 20dB, and the 3dB bandwidth of the filter is 2.36 GHz—-2.51 GHz, which
can suppress harmonics within the 6fy range by more than 10dB. The phase imbalance within the
passband shall not exceed 10°, and the amplitude imbalance shall not exceed 1.4 dB. According to the
measured results of the S-parameter, the center frequency of the passband is 2.435 GHz, which is shifted
35 MHz towards the high frequency compared to the simulation results. The overall insertion loss of the
measured passband is slightly higher, with a minimum insertion loss of 3.9 dB, which is 0.6 dB higher
than the simulation results. The reason for the error is similar to the previous analysis. According to
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the comparison between the measured phase results of the output port and the simulation ones, it can
be seen that the measured phase of the port has moved slightly towards high frequency synchronously
with the center frequency, but the phase difference between the ports has hardly changed.

From the above analysis, it can be seen that the error of the measured results of the filtering
coupler is within a reasonable range and does not affect the overall performance. Therefore, it is
acceptable. The test results verify the feasibility of the design method of the filtering coupler. In
order to compare the filtering couplers in the reference literature, Table 2 summarizes several similar
filtering couplers. Through comparison, it was found that the filtering coupler proposed in this article
has excellent performance, compact size, and ultrawide stopband.

Table 2. Comparison of various filtering couplers.

Reference | fo (GHz) | IL (dB) | Stopband width | Size (Ay X Ag)
[9] 3.08 0.95 2.53fo (> 20dB) 0.75 x 0.35
[11] 2.82 1.3 | 5.24fy (> 10dB) | 0.29 x 0.26
[14] 2.4 143 | 2.2f, (> 20dB) | 0.185 x 0.106
[15] 1.4 1.0 | 2.56fy (> 10dB) | 0.48 x 0.38

This Work 2.43 0.9 8.2fy (> 18dB) 0.23 x 0.33

5. CONCLUSION

In this paper, based on the analysis of external quality factor and coupling coefficient, the collaborative
design of filter and coupler is carried out, and a miniaturized and wide stopband high-performance
filtering coupler is designed. Firstly, a short-stub loaded uniform-impedance resonator (SSLUIR) was
proposed, and its resonant characteristics were analyzed using the ABCD matrix and admittance
parameters. By adjusting the impedance ratio of the stubs and bending them, the size of the SSLUIR
was reduced. Then, the resonance performance of SSLUIR during electrical and magnetic coupling was
studied. By controlling the electrical length of the short stubs, higher harmonics can be suppressed, and
the upper stopband can be widened. Finally, using the analysis method of external quality factor and
coupling coefficient, a microstrip 3 dB 180° filtering coupler is designed. The size of the filtering coupler
is 0.23\y x 0.33)\4, with a harmonic suppression of over 18 dB within the 8.2fy range. Compared with
similar filtering couplers, it has good performance, miniaturization, and wide stopband characteristics.
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