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Abstract: A multilayer bandpass filter with high selectivity is proposed in this letter. Discriminating
coupling formed by slot-coupled quarter-wavelength and half-wavelength resonators introduces
a zero at 3fy (fy is the center frequency) and the second harmonic is also suppressed due to the
quarter-wavelength resonators. Owing to multilayer structure, source-load coupling is introduced
to improve selectivity. Then an extra coupled line path is added with the same amplitude as
the discriminating coupling path while they are out of phase. Thus signal cancellation produces
three extra transmission zeros, with the selectivity and suppression performance further improved.
To validate the design, a prototype bandpass filter centered at 2.49 GHz with 3 dB fractional
bandwidth of 8.1% is fabricated. Both simulated and measured results are in good agreement
and show good performance of the proposed bandpass filter.
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1. Introduction

Bandpass filter (BPF) is an essential component in transmitters and receivers. For anti-interference,
high performance BPF with sharp selectivity as well as wide stopband is important and necessary.
Due to limited and crowded spectrum nowadays, there are more and more challenges in designing
such bandpass filters in modern wireless systems.

Traditionally, the selectivity of BPF can be improved by increasing the order at the expense of
larger insertion loss. While quasi-elliptic function response can realize the same selectivity with fewer
orders and thus quasi-elliptic filter has lower insertion loss with high selectivity [1]. In [2], stub-loaded
half-wavelength resonators are electromagnetically coupled to form quasi-elliptic response. In addition
to specific response functions, introducing multiple transmission zeros (TZs) near the passband can
effectively improve the selectivity [3]. Source-load coupling [4,5] and mixed coupling [6] are both
proved to be useful by introducing TZs at sidebands. In [7], capacitive dominant mixed coupling is
used to create a lower stopband TZ while the upper stopband selectivity is enhanced by employing
parallel source-load coupling. Mixed coupling is also common when designing high selectivity SIW
BPFs [8-10]. Furthermore, merely several coupled line networks can introduce both transmission
zeros and poles. In [11], a high selectivity bandpass filter with 5 zeros and 6 poles is obtained by six
pairs of coupled lines. Another way to realize prescribed TZs is synthesis of the coupling matrix to
generate the transfer and reflection polynomials for specific class of filter[12,13], and to simplify the
computational complexity and eliminate redundancy, synthesis algorithms are invented to extract
coupling matrix from zeros and poles[14,15].

In this paper, a multilayer bandpass filter with high selectivity is proposed. The second and
third harmonics are eliminated by the quarter-wavelength resonators and discriminating coupling
formed by quarter- and half-wavelength resonators respectively, resulting in a wide stopband
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as well. This discriminating coupling path has same amplitude as an extra coupled line path
between feeding ports but they are out of phase. Thus transmission zeros are produced to not
only improve the selectivity but also broaden the stopband performance of the proposed BPFE.
Furthermore, due to multilayer structure, source-load coupling is easily achieved to improve selectivity
as well. Theoretical analysis of the proposed BPF is demonstrated in detail and a prototype is fabricated
to validate the design. Both simulated and measured results are in good agreement, showing the good
performance of the proposed BPFE.

2. Structure and Design of The BPF

The proposed BPF has two independent paths as is shown in Figure 1. Upper path I is composed of
a pair of shorted quarter-wavelength resonators in the top layer and one half-wavelength resonator in
the bottom layer, with two rectangular slots etched in the middle ground layer to realize slot-coupling.
And this path is coupled to two quarter-wavelength short microstrip lines as exciting structure.
Lower path II consists of a stub-loaded anti-parallel coupled line, connecting to the feeding ports in
parallel with upper path I. Both of these two paths will be analyzed in detail next.
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Figure 1. Cont.
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Figure 1. Configuration of the proposed bandpass filter (BPF) (a) Top layer. (b) Middle layer. (c) Bottom
layer. (d) 3D view. (e) Front view of the proposed BPF. (f) Bottom view of the proposed BPE.

2.1. Analysis of Upper Path |

Figure 2 shows the equivalent circuit of upper path I. The coupling networks consisting of quarter-
and half-wavelength resonators are marked as red (T1-T5), (T1+T2 and T4+T5 are quarter-wavelength,
T2+T3+T4 is half-wavelength), which are excited by two shorted quarter-wavelength resonators
marked as blue (T6) from port 1 and 2, respectively. T2 and T4 are two end-to-end coupled lines with
even and odd impedance of Z,; and Z,;, electric length of 6,. Three Microstrip lines T1, T3 and T5
are connected to coupling networks T2 and T4. T1 and T5 are connected to the shorted lines in T2
and T4 with impedance of Z; and electric length of §; while T3 is used to connect T2 and T4 with
impedance of Z, but two times longer than T1 or T5. The total length of T1 and T2 or T4 and T5 is
quarter-wavelength (61 + 6, = 77/2).

To verify the analysis, we use transfer matrix ABCD which is defined as Equation (1) shows [16]:

i\ _ (A B V2
For transmission lines with character impedance Zj and electrical length 6 [16]:
A BY) cos®  jZpsin® o)
C D) \jYysin coso

Thus the response of the coupling network can be calculated by multiplying the ABCD matrixes
as Equation (3).
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Figure 2. Equivalent circuit and MATLAB simulated results of resonators in upper path I. (a) Equivalent
circuit of different sections in upper path I. (b) MATLAB simulated results of different sections in upper path L.

T=T xTy xT3 xTy xTs 3)
where
C0591 jZl sin 91
! <jY1 sin 6; cos 64 ) > (4a)
cos 264 jZp sin 26
T3 = 4b
3 <jY2 sin 260¢ cos 20¢ ) (4b)
1 a?> —df ac—db
Th=—— 4
27 ab—cf (ea—bf ec—b2> (o)

1 b?> —ce db—ac
Ta= e (fb—ae fd—u2> (4d)
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Here a to f in Equation (4) represent formulas related to the dimensions of coupling network T2
and T4 [17] as Equation (5).

a= %(cos B2 + cos 6y,) (5a)
b= %(cos e — cos ) (5b)
c= ]% (Zp1 €08 02 + Z 1 Os 62) (5¢)
d=j % (Ze1 €08 02 — Zy1 cOS 6) (5d)
e= ]% (Ye1 cos 02, + Y1 cOs 6) (5e)
f=j % (Ye1 cos B2, — Y1 €O 62) (5f)

02, and 6, are the even and odd electric lengths of slot-coupled resonators while Z,1, Z,; and Y,q,
Y,1 are the impedances and admittances. All of these parameters can be obtained using quasi-static
analysis [18].

It is noteworthy that if the length of the slots 6, is two-third of quarter-wavelength, discriminating
coupling is formed. According to [19], a zero at 3fy will appear when discriminating coupling occurs,
because the voltage distribution is odd on one line and even on the other, leading to null coupling
coefficient. Figure 2 shows the simulated result using MATLAB to validate the performance of
discriminating. Blue line in Figure 2 demonstrates the simulated result of coupling networks including
the connecting microstrip lines (T1-T5) and it is seen that there are two modes and one zero. Thus this
line validates that discriminating coupling is effective to introduce a transmission zero at 3f; in this
design. However, the second mode is located at around 2fy because coupling network T2,T4 and
microstrip line section M3 realize a half-wavelength resonator in the bottom layer as is clearly shown in
Figure 1. To suppress the harmonic caused by half-wavelength resonator, quarter-wavelength shorted
coupled lines (M6) is used as feeding lines to introduce another zero at 2fy. The red line in Figure 2
proves the function of Mé.

Finally the black line in Figure 2 gives the MATLAB simulated result of the whole structure
including T1-T6. It shows that the second and third harmonics are suppressed by zeros introduced by
discriminating coupling and quarter-wavelength resonators, validating the theory and design very
well. Also due to multilayer structure, it is easy to introduce source-load coupling using the short pins
of M6 as is shown in the top layer of Figure 1. Thus a zero located at lower side-band appears and
improves the selectivity. HFSS simulated results will validate the design in the next subsection.

2.2. Analysis of Lower Path [i

The lower path II consists of a stub-loaded anti-parallel coupling section connected by microstrip
lines, as is shown in Figure 3. Here the impedance and electric length of connecting microstrip lines are
Z3 and 63. The anti-parallel coupled line has even and odd impedance of Z,; and Z,, and the electric
length of 63 with loaded stubs of Z4 and 04. Formula Equation (6) gives the ABCD matrix of lower
path IL.
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Figure 3. Equivalent circuit of anti-parallel coupling network in lower path II

T— cosf3  jZzsinfs A. B cosfz  jZzsinfs ©)
- jY3 sin 63 cos 61 C. D, jY3sinf3 cos 6
A., B, C; and D, in Equation (6) are the ABCD matrix’s elements of the stub-loaded anti-parallel

coupled line. The method to calculate these elements is same as the one used for coupling networks T2
or T4 [17] as Equation (7).

A= é[(c—o—aZS)(a—o—eZs) — (d+bZs) (b + fZ)] (7a)
B, = é[(c+aZ5)(c+aZs) (A4 DZ)(d + bZe)] (7b)
C.= é[(a +eZs)(a+eZs) — (b+ fZs)(b+ fZs)] (70)
D. = l(a+eZ)(c +aZs) — (b-+ f2,)(d+bZ,) (7d)

where
G=(d+bZs)(a+eZs) — (b+ fZs)(c+ aZs) (8)

and

Zs = —jZ4COt64 (9)

Similarly, a to f in Equation (7) and Equation (8) are same as Equation (5) but the even and odd
parameters are replaced by 6s,, 05, Z2, Zp2, Y2 and Y. Formula Equation (9) is the input impedance
of the open stubs.

MATLAB can also be used to calculate the response of combined upper and lower path.
However, the formulas will be very complicated and the simulated result will not be clear enough
to demonstrate the function of lower path II. Thus full-wave simulation software Ansys HFSS 19 is
used. Blue line in Figure 4 shows the HFSS simulated results of upper path I while the red line gives
the ones of lower path II. As is shown in Figure 4, the upper path I has bandpass response with the
second and third harmonics suppressed by TZ2 and TZ3, and another transmission zero TZ1 located at
lower sideband is introduced by inductive source-load coupling as is mentioned in the last subsection.
It can also be seen that the response of lower path II has same amplitude as upper path I in some
frequencies but at the same time they are out of phase. So in these frequencies, transmission zeros
will appear because of signal cancellation. In this design, three extra transmission zeros TZ4, TZ5 and
TZ6 are introduced due to signal cancellation. TZ5 located at upper sideband is used to improve the
selectivity while the lower and upper stopband is improved by TZ4 and TZ6. However, TZ2 and
TZ6 are both at around 2fy. So overall, there are five TZs used to improve selectivity and out-of-band
suppression performance.
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Figure 4. HFSS Simulated results of lower path (red line) and upper path (blue line). (a) Amplitude of
521 (dB). (b) Phase of 521 (deg)

3. Simulated and Measured Results

As shown in Figure 5, the proposed BPF is designed on two RO4350B substrate with relative
permittivity of 3.66 and thickness of 0.508 mm. A 0.1 mm RO4450B prepreg is used as paste layer and
so the total height of the PCB is 1.116 mm (0.508 + 0.1 + 0.508). The final parameters are: W; = 0.3,
Wy, =05 W3 =06, Wy =08 Ws =04, L; =182, L, =138, Lz = 5.7, Ly = 127, Ls = 3,
Le=1,D=2,5 =S5, =02, R =0.15, Wsp = 1.1 (unit: mm). To validate the design, a prototype
is fabricated and measured using Keysigth ENA network analyser E5671C. The photograph of the
proposed bandpass filter is shown in Figure 1.

Mental Layer (0.502)
ﬁ Substrate (RO4350B, 0.508mm)

Figure 5. laminate layer definition of the fabricated PCB.

Figure 6 illustrates the simulated and measured responses. The measured 3 dB bandwidth is
from 2.39 GHz to 2.59 GHz (8.1%) centered at 2.49 GHz with return loss better than —12 dB within the
passband. Due to mechanical fabrication error and permittivity difference between simulation and
production, the center frequency is a little higher for the measurement results. Also the insertion loss
is 3.1 dB, larger than simulated one due to 0.6 dB SMA connector loss. The positions of 5 TZs are in
agreement with the simulated ones with a little shift. The depicted discrepancies could be from the
fabrication tolerance in the etching process. Due to these 5 TZs, the lower sideband selectivity of the
proposed BPF is calculated by 3 dB and 20 dB amplitude response with respect to its frequency point:

o 3-20 17
Selectivityower sideband = |f3 —f20| =339-53 188.8 dB/GHz (10)
and the upper sideband selectivity:
3-20 17

Selectivity,pper sideband = |f3 e | = 765 —359 = 288.3dB/GHz (11)
so that the shape factor is BW,o/BW3 = 1.75 (BW represents bandwidth). And —15 dB suppression is
from 2.64 to 8.84 GHz. The overall size is 0.2A¢ x 0.22A¢ (A4 is the wavelength at center frequency).
Table 1 tabulates the performance comparisons with some previous works. Here CF represents the
center frequency of the filter, and FBW is the fractional bandwidth which is calculated by passband
(3 dB bandwidth) divide center frequency BW3;5/ fo, and N is the number of TZs, and metal layers are
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the number of metal used to form the filter. TZ@sideband is the frequency of sideband transmission
zeros divide center frequency fsizepand Tz / fo-
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Figure 6. Simulated and measured results of the proposed BPF (solid lines: measured results; dash
lines: simulated results) (a) Simulated and measured amplitude of S parameters (dB). (b) Measured
group delay (ns). (c) Simulated and measured phase of S parameters (deg).

Table 1. Performance Comparisons with previous works

Ref CF(GHz) FBW (%) N TZ@Sizeband Size (Ag* Ag) Mental Layers
[1] 2 10 2 0.85,1.15 0.79 x 0.06 1
[4] 24 3.5 3 0.83,1.08 - 1
[7] 2.75 3.6 4 0.89,1.16 0.18x0.29 1
[9] 8.7 16 3 0.99,1.16 0.29 x 0.57 1
[10] 13.53 3.9 3 0.97,1.04 0.84 x 0.84 1
This work 2.48 8.1 5 0.84,1.08 0.20 x 0.22 3

4. Conclusions

A multilayer bandpass filter with high selectivity and wide stopband is proposed in this letter.
TZs introduced by anti-parallel coupling network as well as discriminating coulpling between quarter-
and half-wavelength resonators improve the selectivity and out-of-band suppression of the BPFE.
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To verify the design, a prototype BPF is fabricated centered at 2.49 GHz. Both simulated and measured
results manifest the performance with good selectivity and extended stopband. With these features,
The proposed BPF is attractive in modern wireless system.
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