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Abstract—This paper introduces a new design technique for a
capacitive gap-coupled bandpass filter (BPF) using non-uniform
arbitrary image impedances. Based on the proposed BPF equivalent
circuit model, the filter’s design equations are derived, and they are
validated from comparisons of the calculated and simulated results.
For this theoretical verification, the BPF using non-uniform arbitrary
image impedances is designed using the specifications of: center
frequency (f.) = 5.8 GHz, fractional bandwidth (FBW) = 3.5%, and
filter stage (N) = 3. The calculated and simulated results of the
designed filter show good agreement. The BPF using the proposed
design method could provide an advantage that one can arbitrarily
determine two different image impedances, which ultimately affects the
BPF’s coupling gaps and line widths. This could result in suitable filter
dimensions, i.e., gaps and line width, for a conventional low resolution
photolithography fabrication although a low or high dielectric constant
substrate is used for the design.

1. INTRODUCTION

In RF/microwave and millimeter wave systems, a filter is one
of the important components since it controls signal flows within
a certain frequency band. For emerging multiband/multifunction
communication systems, filter designs including low loss, compact size,
and high frequency selectivity are necessary. Planar type filters using
microstrip have been popular, and their various design techniques
have been presented for last few decades [1-16]. In planar type
bandpass filters (BPFs), parallel and capacitive gap-coupled line BPFs
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are frequently used for many system designs because they are relatively
easy to design and provide a reasonable performance. Their analysis
and design formulas are well described in [1-3]. In the designs of
these microstrip coupled type BPFs, a dielectric constant should
properly be selected in order to obtain suitable filter dimensions which
are appropriate for a conventional low resolution photolithography
fabrication process. For an example, in a conventional capacitive gap-
coupled line BPF design, the lower the dielectric constant is used, the
narrower the coupled-gap dimensions is required in order to obtain
a desired capacitance value. Therefore, in a low dielectric constant
substrate, the coupled line’s gap dimension can be too narrow to be
fabricated using the conventional low resolution etching process. In
order to avoid the inappropriate gap dimensions, an alternative design
technique to control the gap dimensions is necessary.

In [4], a parallel coupled line BPF design using a uniform
arbitrary image impedance has been introduced. In this paper, a novel
design technique for a capacitive gap-coupled BPF using non-uniform
arbitrary image impedances is introduced. Proposed design formulas
are validated from comparisons of computed and simulated data.

Using the proposed design technique, capacitive coupled line’s gap
dimensions can be controlled by changing the coupled line’s image
impedances.

2. PROPOSED DESIGN METHOD USING
NON-UNIFORM ARBITRARY IMAGE IMPEDANCES

A conventional capacitive gap-coupled BPF is presented in Figure 1(a).
As shown in Figure 1(a), each resonator’s characteristic impedance and
input /output port characteristic impedance are set at Z,. However, the
proposed capacitive gap-coupled BPFs in Figures 1(b) and (c) employ
two different image impedances (Z; and Z2) which are not identical to
the input/output port characteristic impedances. Here, the two image
impedances could arbitrarily be determined.

Figure 2 presents the equivalent circuit models of the proposed
capacitive gap-coupled BPFs in Figures 1(b) and (c). It should
be noted that another transmission line section at input/output in
Figures 1(b) and (c) is added for maintaining symmetric coupling
structures. In order to utilize admittance inverters, the equivalent
circuit in Figure 2(a) could be transformed as Figure 2(b). Then,
the transmission line electrical lengths in Figures 2(a) and (b) can be
expressed as:

0o = ¢+ do1 (1)
0; = ¢i—1, + 20+ Piit1 (2)
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Figure 1. Capacitive gap-coupled BPFs (N = 3), (a) conventional
BPF, (b) proposed BPF for Z; > Zs, and (c) proposed BPF for
Z1 < Zo.

where ¢ =1, 2, 3 and ¢ =7/2 at wg. Electrical lengths, 01 o(= 63,) and
01(= 03) are also expressed as ¢o1 + ¢ and ¢12 + ¢, respectively.

Using the admittance inverter equivalent circuit, Figure 2(b) can
be presented as Figure 2(c). Input admittance, Y, in Figure 2(c) can
be rewritten as:

, 1
A Cm €y Yi+ jY,tan (32 - 3)
Yo=Yy —y 1 (0 ~ o (B
0—J 11?31'1(%“%) Y()-I-]Yltan (54‘70—5)

In (3a), wp is a center frequency of a designing BPF. When w ~ wy,
the equation in (3a) is then manipulated as:

Vi s —wo
Vs (<)

Y, =Y,
a 1 1+ Y, ((w—w
j2Y" Wo WRWo

(3b)
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Figure 2. Equivalent circuit models of Figures 1(b) and (c), (a)
transmission line model, (b) J-inverter equivalent circuit model, and
(c) J-inverter model.

For simplicity, the expression in (3b) could be rewritten as:

Y2
Y, = 71 + VAN (1 - M?) (4)
(o]

where M and N are:

-5 (72) ®

Based on (4), input admittance, Y; in Figure 2(c) can be expressed as:

Y_Lgl_ ng

"7 Y, YiM+ YN (1 - M?)
Jo (1 1

=0 LN (11— — 7
o (1) ) g

Since the expression in (7) shows a similar form to (4), the equivalent
circuit model in Figure 2(c¢) could be transformed as in Figure 3. As a
result, By in Figure 3 is written as:

JHN 1
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Figure 3. Equivalent circuit model of Figure 2(c).

In order to obtain the equivalent susceptances of the transmission line
sections in Figure 3, the first and second transmission line sections are
modeled in Figures 4(a) and (b). When w = wy, the input impedances
(Zin and Ziy o) in Figure 4(a) are expressed as:

Zi+ 7% (252)

Zin,l = Z
Zp+izi% (252)

(9)

Wo

w—Wo )
w,
° WRWo

The input impedance of the second transmission line section in
Figure 4(b) is then shown as:

Zi+jZom (452

Zo+jZim (w w")
WRWo

Zing = (10)

(
ZQ+JZ g(w wO>
(

ZL +j222

Zin = Zo (11)

Wo

Since both ends of the lines in Figures 4(a) and (b) are physically
open circuit, the condition, Zy, > Z; and Zj, > Z3 could be applied
0 (9)-(11). As a result, using their admittance expressions, (9)—(11)
can be simplified as:

o rmfw—w )
Vs = 15 (22) = i, (12)
o
o fw—uw .
Via = 105 (22 ) = iBa(olom, (13)
o
. W — W .
Vi = Vi (2 ) = B e, (1)
o

B1 and Bs which are the input susceptances of the first line section in
Figure 4(a) can be determined from (12) and (13). Total susceptance,
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Figure 4. Modeling of the transmission line sections, (a) the first
section, and (b) the second section.

B,1 of the first line section in Figure 3 can be obtained by adding
By, By, and Bs. The equation in (14) presents the susceptance of the
second line section in Figure 4(b).

Once the total susceptances (B, and Byy) of the first and second
line sections are found in Figure 3, their slope parameters can simply
be determined by solving the first order differential equations in terms

of w:
by = — = — 1—-— — +1 1
T2 dw 4 [W )Tyt (15)
Wo dBTQ ™
brg = — = -Y; 16
r2 2 dw |, 2 2 (16)

Using (15) and (16), J-inverter expressions for the proposed BPFs in
Figures 1(b) and (c) can be presented as:

WYi M~ (Yl + }/2)
4gog1 — Wm (M —1/M)

W2 [m2iYs [ J2, 1\ Y
= Q = —_— —-a 1 p— ]- 1
N2 = s 9192 [ 8 {Y12 )t Y " (18)

Jo1 = Jau =

(17)

In (15)(18), w, = 2291 1) = 2 (“’2_°’1>, M = ¥ and g = lowpass

watwr’ w2 +wi Yo
prototype element value.
Based on the new J-inverter equations in (17) and (18), the series
capacitive susceptances and negative electrical lengths in Figure 2(b)
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can be shown as:

Jijs
Bin = — 2 (19)
()
Yi j=0,1,...,3

2B, ;
_ -1 JJ+1
¢jj+1 = —tan < : )

Since Byp; = B34 and Bjy = Bas in Figures 2(a) and (b), electrical
lengths of the proposed BPFs in Figures 1(b) and (c) are: 6y = 6, =
03, = 04 and 01, = 03;. Using the equations in (1), (2), (19), and
(20), the electrical lengths of the proposed BPFs in Figures 1(b) and
(¢c) can be calculated from:

—1 (2Bo,1
m — tan (T)

(20)

§=0,1,...,3

o = 5 (21)
7 —tan~! —2?/1’2

01 = 5 ( 2 ) (22)

02—7r—2 [tan < v >+tan < Y >] (23)

Using (19), actual series coupling capacitance values in Figure 2(a) can
be determined by:
B 1
C, ) — .77.7+
J+l We

(24)

j=0,1,...,3

3. VERIFICATION OF PROPOSED EQUATIONS

In order to validate the proposed design method, a capacitive
gap-coupled BPF using non-uniform arbitrary image impedances is
designed based on the derived equations. The simulated results
are then compared with the calculated results. For the theoretical
verifications, the BPF is designed on microstrip, where a substrate
thickness and a dielectric constant are 0.508 mm and 2.2, respectively.
The BPF’s center frequency is 5.8 GHz and the FBW is set to 3.5%.
The number of the filter stages is N = 3, and Chevyshev prototype
element values for passband ripple of 0.01 dB have been used for the
proposed J-inverter calculations. Based on the proposed equations,
the BPF’s electrical lengths and capacitance values are calculated from
(17)—(24). Table 1 shows the resulting element values.
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Figures 5(a)—(d) illustrate the frequency responses of the proposed
BPF, where the arbitrary image impedance, Z; is set to 702, and
Zy varies from 80 to 60€2. In Figures 5(a) and (b), a magnitude of
passband return loss decreases as mismatch degree (|Z1—Z3|) becomes

Table 1. Calculated BPF element values for Figure 2(a).

007 91,& el,b 92 COI = C134 012 = C123
Z1 =170, Z =80 | 76.6859 | 85.9543 | 171.9086 0.0983 0.02439
Z1 =70, Z, =75 | 76.4879 | 86.0221 | 172.0441 0.1001 0.02557
Z1 =170, Zo =65 | 76.0141 | 86.1613 | 172.3225 0.1041 0.02846
Z1 =170, Zo =60 | 75.7272 | 86.2328 | 172.4656 0.1066 0.03025
Z1 =170, Zo =70 | 76.2656 | 86.0910 | 172.1821 0.1019 0.02692
Z1 =50, Z3 =50 | 73.6469 | 86.0339 | 172.0679 0.1762 0.03824
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Figure 5. Calculated and simulated results of proposed capacitive

gap-coupled BPF
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Figure 6. Calculated and simulated results of proposed capacitive
gap-coupled BPF, (a) Z; = 70 and Zy = 702, and (b) Z; = 50 and
Zoy = 504).

higher. In this case (Z1<Z2), the filter’s bandwidth also increases
as Zy becomes greater than Z;. In (17) and (18), increasing Zs
results in larger J-inverter values. Because J-inverter values are always
less than a unity for a BPF design, a susceptance in (19) becomes
larger. Therefore, a capacitance in (24) becomes greater As a result,
increasing Zo produces a wide bandwidth due to a larger capacitance.
In Figures 5(c) and (d), the magnitude of return loss in the passband
increases as Zo becomes smaller than Z;. However, in this case, a
bandwidth of the BPF decreases. When Z5 is further decreased in
Figure 5(d), it is also observed that the designed BPF produces a single
S11 pole in the passband. As mentioned earlier, the image impedances
(Z1 and Z3) can arbitrarily be set by a designer, but input/output feed
line characteristic impedances (Zp) are fixed at 50 €2.

Figures 6(a) and (b) show the frequency responses when Z; = Zs.
In Figure 6(a), the arbitrary image impedances, Z; and Zy are set to
70€2. This could be the uniform arbitrary image impedance design
for a capacitive gap-coupled BPF. As shown in Figure 6(a), the
design provides a return loss greater than 20dB, and satisfies the
desired design specifications, i.e., FBW, center frequency, and etc. In
Figure 6(b), the arbitrary image impedances, Z; and Z, are set to
50 €2, which is identical to a conventional capacitive gap-coupled BPF.
Both calculated and simulated results in Figures 6(a) and (b) show
good agreement.
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4. CONCLUSION

A capacitive gap-coupled BPF using non-uniform arbitrary image
impedances has been introduced and studied based on circuit and
classical filter theories. The proposed design topologies and equations
are validated from comparing the equation based calculation results
and simulated results. In the proposed design, two different
impedances can arbitrarily be set to the image impedances of a
capacitive gap-coupled line BPF. Therefore, a designer can favorably
control the BPF’s resonator characteristic impedances. This would
allow of reasonable line widths and gap dimensions on a low or high
dielectric constant substrate. Using the derived design equations, a
capacitive gap-coupled BPF has been designed and simulated. Both
calculated and simulated results have shown good agreement. The
proposed design technique is simple and easy, and the design could be
realized using a microstrip line or a suspended strip line.
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