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ABSTRACT- In this paper, two novel balanced bandpass filters (BPFs) with wideband
common-mode (CM) suppression and high selectivity are proposed based on the out-of-phase
double-sided parallel strip-line (DSPSL) structure. The out-of-phase DSPSL structure is
composed of a pair of out-of-phase transmission lines as the balanced ports and a /2 resonator
placed in the center. Based on the DSPSL structure with out-of-phase characteristics, a
wideband CM suppression without affecting the differential-mode (DM) performance is
achieved in two BPFs. By using a pair of shorted-coupled lines in BPF I and introducing a ring
resonator in BPF II, two transmission zeros are attained, achieving high selectivity in both BPF
designs. For experimental demonstration purposes, two balanced BPFs are designed and

fabricated. The measured results are in good agreement with the simulated ones.

Keywords: Balanced bandpass filter (BPF), common-mode (CM) suppression, double-sided
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1INTRODUCTION

Bandpass filters (BPFs) with advanced performances are important passive components of
modern radio frequency (RF) communication systems[1]-[4]. Moreover, balanced BPFs have
attracted tremendous attention due to their high immunity to environmental noise and
interference when compared with single-ended ones [5]-[8]. Recently, many balanced filters
have been designed and analyzed [9]-[24].

Some balanced filters were designed based on symmetrical structure [11]-[14], which utilizes
the symmetrical circuit topology at the central plane to achieve the short- and open-circuit

characteristics under differential-mode (DM) and common-mode (CM) excitation, respectively.
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Fig. 1. 3-D diagram of the out-of-phase DSPSL structure.
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Fig. 2. Equivalent circuits of the designed out-of-phase DSPSL structure. (a) DM simplified equivalent
circuit. (b) CM simplified equivalent circuit.

However, for the above filters, the CM suppression is only implemented in a relatively narrow
band or the size is relatively large. 180°swap structures based on double-sided parallel-strip
line (DSPSL) were utilized to design balanced filters in [17] and [18], but the bandwidth of CM
suppression is relatively limited.

Moreover, slotline-based balanced filters with wideband CM suppression have been reported
recently [19]-[21]. Since the electric field distribution in the slotline conflicts with the magnetic
wall’s boundary condition, the CM signals would not transmit from the microstrip lines to the
slotline and would be totally reflected. However, the DM selectivity of these designs needs to
be further improved.

In this letter, an out-of-phase DSPSL structure is proposed for the design of balanced filters.
In this structure, a pair of out-of-phase transmission lines is placed as the balanced ports and a
M2 resonator is placed in the center. By designing the DSPSL structure with out-of-phase
characteristics, a high level of wideband CM suppression without affecting the DM
performance is obtained. Furthermore, this out-of-phase DSPSL structure is used to design two
novel balanced BPFs. In these two BPFs, two additional transmission poles are attained by
loading the shorted-loaded stubs in the coupled lines. A pair of shorted-coupled lines are used

to attain two TZs for BPF I, and two TZs are produced by the ring resonator for BPF II. With



Fig. 3. Schematic diagram of the designed balanced BPF 1.

the introduced close-to-band TZs, high selectivity is achieved in both two balanced BPFs.

2. THEORETICAL ANALYSIS and BALANCED BPF DESIGNS

In this section, the out-of-phase DSPSL structure is introduced in detail. Furthermore, two
balanced BPFs with wideband CM suppression and high selectivity are designed based on the
proposed out-of-phase DSPSL structure.

2.1 OUT-OF-PHASE DSPSL STRUCTURE

As shown in Fig. 1, the proposed out-of-phase DSPSL structure is composed of a pair of
transmission lines with opposite phases as balanced ports and a A/2 resonator placed in the
center. By placing the balanced ports 1" and 1 at the top layer and bottom layer, respectively,
an intrinsic 180<phase shift between balanced ports 1™ and 1" is achieved [25]. Based on this
out-of-phase design, when the balanced ports are excited by the DM signals, the phase of the
DM signals will be turned from out-of-phase into in-phase, and a magnetic wall is generated at
the symmetrical plane. However, when balanced ports are excited by the CM signals, the phase
of the CM signals will be turned from in-phase into out-of-phase. Therefore, an electric wall is
formed under the CM excitation, and the CM signals are suppressed.

Based on the above analysis, the simplified DM equivalent circuit and CM equivalent circuit
of the out-of-phase DSPSL structure can be shown in Fig. 2(a) and (b). Under DM signals, the
equivalent circuit is approximated as a coupled line (electrical length 8, even/odd-mode
characteristic impedance Ze, Zo2) and the resonance will occur at the center frequency fo. Under
CM excitation, the center of the A/2 resonator is equivalent to a shorted point. Therefore, an

approximate all-frequency CM suppression is obtained by applying the out-of-phase DSPSL
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Fig. 4. (a) Calculated frequency responses of the proposed balanced BPF I (Ze1=320 Q, Z:=200 Q,
Ze=185 Q, Z5p=130 Q, Ze3=176 Q, Zo3=146 Q, Z~61 Q).
structure.

2.2 ANALYSIS of the DESIGNED BALANCED BPF I

The equivalent circuit of the designed balanced BPF I is shown in Fig. 3. In this letter, the
schematic circuit of the 180<phase shift introduced by the out-of-phase DSPSL structure is
represented by the transformer. A coupled line (electrical length 6, even/odd-mode
characteristic impedance Zes, Zo3) is located in the middle of two out-of-phase DSPSL structures,
while the out-of-phase DSPSL structure is loaded with two shorted-loaded stubs (electrical
length O, characteristic impedance Zs). Two shorted-coupled lines (electrical length 6,
characteristic impedance Ze1, Zo,1) are embedded in the input ports 1* and 1. The electrical
length & is set as 90<at fo = 1.7 GHz.

As discussed in part Sec. 2.1, when port 17 and port 1" are excited by the CM signals, the
phase of current on both sides of point A is inverted. Therefore, point A is equivalent to the
shorted point under the CM excitation, and the CM signals cannot be further transmitted,
achieving a wideband CM suppression.

When port 1" and port 1" are excited by the DM signals, the out-of-phase signal will be
changed to the in-phase signal at point A. The differential signals can be transmitted from the
coupled line resonator to port 2.

The calculated DM and CM frequency responses of the proposed balanced BPF I are shown
in Fig. 4. Two additional transmission poles are attained by the shorted-loaded stubs (6, Zs) [26].
Meanwhile, two close-to-band transmission zeros close to the operating frequency are

introduced by the shorted-coupled lines, and a deeper roll-off rejection of the passband can be
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Fig. 5. |S21| analysis of balanced BPF I for various Zei and Zo1 (Ze2=185 Q, Zo2>=130 Q, Ze3=176 Q,
Z0=146 Q, Z=61 Q).

easily realized.

The shorted coupled lines produce two additional TZs, while two TZs can be studied by their

input impedance (Zin), and Zi» can be directly calculated as:

z, =3z, +7,)tano- 12242y (1)
2 (Z,+2Z,)sindcosb
When Zi, is equal to zero, two TZs can be obtained:
2‘/2 Z
0, = arcsin(——2—°L 2
(Zel + Zol)
Orzy =7 =0y (3)

From the formulas (2) and (3), two TZs can be adjusted independently, which significantly
improves the flexibility of the balanced circuit design. As shown in Fig. 5, the two close-to-
passband TZs (frz1, frz2) change with different values of Ze1 and Zo.

Next, to improve the selectivity of the balanced BPF, another balanced BPF structure is
designed. The ring resonator is placed in the middle of the two out-of-phase DSPSL structures
instead of the coupled lines.

2.3 ANALYSIS OF THE DESIGNED BALANCED BPF 11

The equivalent circuit of the designed balanced BPF 1II is shown in Fig. 6. A ring resonator
is located in the middle of two out-of-phase DSPSL structures, and the out-of-phase DSPSL
structure is loaded with two shorted-loaded stubs (electrical length 0, characteristic impedance
Zs). The ring resonator is composed of two open coupled lines (electric length 0, even/odd-

mode characteristic impedance Zes, Zos,) and two microstrip transmission lines (electric length



Fig. 6. Schematic diagram of the designed balanced BPF II.

0 T r

— [Sganal = [Seeadl
|de21| |Scc21|<'80 d

N
o
W

S-parameters(dB)
S
o

D
o
T
5
T
N
4
o
o

Tz, T2,

05 1.0 15
fif,

%
1)

Fig. 7. Calculated frequency responses of the proposed balanced BPF II (Ze=187 Q, Zx>=132 Q,
Zea=164 Q, Z53=124 Q, Z:=132 Q, Z:=100 Q).
0, characteristic impedance Z1). The electrical length @ is set as 90“at fo = 1.7 GHz.

The calculated DM and CM frequency responses of the proposed balanced BPF II are given
in Fig. 7. Wideband CM suppression can be achieved by the out-of-phase DSPSL structure.
Two transmission zeros (TZ1, TZ2) and two transmission poles (TP1 and TPg) are produced by
the ring resonator. The TPz and TP, are produced by the open coupled lines of the out-of-phase
DSPSL structure. And the TP, and TPs are produced by the shorted-loaded stubs.

The equivalent circuit of the ring resonator can be analyzed with the ABCD matrices and
which can be calculated as M, <M <M,, where M, represents the open coupled lines (Zes, Zo3),
M. represents the two middle transmission lines (Z1), and M,, M; can be got from [27][28]. After
further matrices conversions to S-parameters matrices, when Sy is equal to 0, we can obtain the

following relationships:

(Zy+Z,) +4Z2(Z +Z,)+4Z] cos? 0 (Z,+Z2,) —4Z7
(Ze3 + Z03)2 (ZES + Zo?})2 -

0 (4)
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Fig. 8. |S21| analysis of balanced BPF II for various Z1, Zez and Zoz (Ze2=164 Q, Z5>=124 Q, ;=132
Q, Z=100 Q). (a) |S21| for various Z1 (Zez =164 Q, Zoz =124 Q). (b) |S21| for various Ze; and Zo,
(Z:=132 Q).
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Fig. 9. (a) Configuration of the proposed balanced BPF 1. (Dimensions in mm: Wry = 0.51, Lgy =
31.9, Wr2 = 0.52, Lro = 32.5, Wrs = 1.62, Lrs = 31.2, Wgras = 0.23, Lra = 33.7, W1 = 0.6, W5, = 0.22,
Ws3 = 0.2, Wop = 3.1, Woe = 2.6, Woz = 8, Lo = 13.2). (b) Photographs of balanced BPF I.

Z,+7,-27Z,
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According to formulas (5) and (6), the two close-to-passband TZs are influenced by the
values of the impedance value of Z;. The varies of the TZs relatives to the different impedance
values of Z; is shown in Fig 8(a). With the impedance Z; increases, two TZs move towards fo.
The influence of even/odd-mode characteristic impedance Zes and Zoz are also given in Fig. 8(b),
two TZs move close to the center frequency when the sum of Zes and Zos decreases. The 3-dB
bandwidth increases as the sum of Ze; and Z,3 increases.

3. EXPERIMENT RESULTS
To confirm the experimental viability, two balanced BPFs are designed and fabricated. The

two balanced BPFs are designed on an F4BM substrate (relative dielectric permittivity er =2.2,
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Fig. 10. Simulation and measurement for the designed balanced BPF I. (a) DM responses. (b) CM
responses.
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Fig. 11. (a) Configuration of the proposed balanced BPF Il. (Dimensions in mm: Wg; = 0.78, Lr1 = 35.6,
WRz = 0.6, LRz = 29.6, WR3 = 0.2, LR3 = 2, WR4 = 0.46, LR4 = 32.7, WR5 = 0.8, LR5 = 33.6, Wsl = 0.26, Wsz
=0.21, Wo1 = 3.1, Wo2 = 2.6, Wo3 = 8, Lo = 10.5). (b) Photographs of balanced BPF I1.

thickness H = 0.8 mm). The simulations are built by employing the commercial simulator Ansys
HFSS 21.0, and measurements are obtained with the Agilent N5230A network analyzer.

The physical dimensions and photographs of the balanced BPF | are shown in Fig. 9 (a) and
(b), respectively. The measured and simulated S-parameters of the designed balanced BPF I are
shown in Fig. 10. The measured center frequency is at 1.71 GHz with the measured minimum
insertion loss (IL) of 0.64 dB, and the 3-dB fractional bandwidth is 17.5%. The return loss is
greater than 16.3 dB in the 3-dB fractional bandwidth. Meanwhile, the stopband reached up to
5.0 GHz (2.92 fy) with a rejection level of 20 dB, and the AR2o which is defined in Table I is
283.3. Moreover, a suppression level over 26.1 dB can be achieved in all test bands (DC to 3.5
fo) for the CM signals.

The physical dimensions and photographs of the balanced BPF II are shown in Fig. 11 (a)

and (b), respectively. The measured and simulated S-parameters of the designed balanced BPF
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Fig. 12. Simulations and measurements for the designed balanced BPF 1II. (a) DM responses. (b) CM
responses.
TABLE |
COMPARISON BETWEEN DESIGNED WORKS AND OTHER WORKS
Ref. fo (GHz)/ 3-dB FBW (%)/ stopband CMS
IL (dB) AR (dB/GHz) (dB/GHz)
[4] 3/0.9 108/36.9 17.5/2.5f; /
[10] 5.7/0.85 12/113 30/1.58 fo 34/1.58 fo
[11] 5/1.7 67.6/26.15 15/2.7 fo 15/1.6 fo
[16] 2/0.5 12.9/106.25 25/1.875 fo 20/1.42 f,
[18] 2.2/1.8 23.6/154.5 20/2.91 fo 20/2.9 fo
Balanced
BPFI 1.71/0.64 17.5/283.3 20/2.92 fo 26.1/>3.5 fo
Balanced
1.72/0.76 19.5/425 40/2.85 fo 30.7/23.5 fo
BPF 11

IL: Insertion Loss; FBW: Fractional Bandwidth; CMS: CM Suppression;

ARy is defined as:

ARypip =

20-3

| fZOdB — ladB

(dB / GHz)

where, fao4s denotes the 20-dB frequency point of insertion loss, and fsgg denotes the 3-dB frequency
point of insertion loss.

IT are shown in Fig. 12. The measured center frequency is at 1.72 GHz with the measured

minimum IL of 0.76 dB, and the 3-dB fractional bandwidth is 19.5%. The return loss is greater

than 16.5 dB in the 3-dB fractional bandwidth. Meanwhile, the stopband reached up to 4.91GHz

(2.85 fo) with a rejection level of 40 dB, and the ARy is 425. Moreover, a suppression level over

30.7 dB can be achieved in all test bands (DC to 3.5 fo) for the CM signals.

Meanwhile, a comparison of two balanced BPFs with related prior-art designs is illustrated

in Table 1. Compared with former works [9], [12], [15], and [17], a wider band of CM



suppression is achieved in the proposed balanced BPFs. Moreover, the proposed balanced BPFs

have higher ARy and wider DM stopband with regard to [9], [12], [15], and [17].

4. CONCLUSION

In this letter, two balanced BPFs are proposed based on the proposed out-of-phase DSPSL
structure. By designing the DSPSL structure with out-of-phase characteristics, a high level of
wideband CM suppression without affecting the DM performance is obtained. And the close-
to-band TZs of the two balanced BPFs are also analyzed. Wideband CM suppression, high
selectivity, and wide stopband are achieved in both two balanced BPFs. Finally, two proposed
designs have been manufactured. The measured and simulated results are presented with good

agreement.
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