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Abstract

This paper presents a design method for a wideband bandpass filter (BPF) which compensates for frequency dependency based
on the image admittance and image phase. In the proposed method, new compensation methods for the admittance and phase are
integrated with the conventional method. The proposed method improves the frequency shift and reduces the unwanted
bandwidth when designing more than 20% of the Fractional Bandwidth (FBW), whereas the conventional method exhibits
frequency degradation at only 10% FBW. The proposed design theory was verified by applying it to both lumped elements and
distributed lines through circuit simulation and measurements without an optimization process. The measurement results
demonstrate improvements in the frequency shift and target bandwidth. In the future, an accurate design method based on

frequency dependence can be implemented for the next-generation broadband communication system applications.

Index Terms: Frequency dependency, image admittance, image phase, inverter, Wideband BPF

I. INTRODUCTION

The use of impedance or admittance inverters in micro-
wave bandpass filters (BPFs) is a practical and indispensable
method to ensure that a microwave BPF has only one type of
resonator, which simplifies its implementation. The equiva-
lent circuit of a J or K-inverter is implemented using various
approaches, such as through lumped or distributed lines, for
practical applications. [1-3] implements a 90° transmission
line by applying negative elements to an inverter, as shown
in Figs. 1(a) and (b). These negative elements are absorbed
into the resonators based on the resonator type. It can be dif-
ficult to remove the negative elements and obtain the desired
in-band characteristics in the case of complex resonators.
Additionally, these inverters have frequency-dependent param-
eters contrary to ideal inverters. This inverter dependence
causes frequency degradation, resulting in a frequency nar-

rower than that proposed by the filter design specifications.
Design optimization or iterative design techniques must be
implemented to overcome the frequency degradation. Conse-
quently, several frequency-compensating structures [4-8]
have been proposed to achieve a wideband filter design, such
as the use of various inverter types. [4] proposed a band-
width contraction factor and center frequency deviation for a
cavity filter to predict changes caused by frequency-depen-
dent coupling structures. [5] proposed the use of ideal trans-
formers with frequency-dependent turn ratios on both sides
of the inverter and [6] proposed a generalized design tech-
nique to perform the practical compensation of discontinuity
effects. The design methods proposed in [7-8] considered
only the characteristic admittance variations of the inverter.
Group delay compensation [9] and the use of coupled lines
[10-12] have been proposed as wideband BPF design meth-
ods. Filters with open stubs have also been proposed by
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based on the K-inverter structure [13]. However, the coupled
lines have wideband limitation due to line spacing, and the
methods proposed in [9-13] require optimization processes.
Filter design methods using lumped elements [14-15] have
been proposed to improve the design accuracy. Differences
in the simulation and measurement are observed owing to
the incomplete compensation of the frequency dependence of
the lumped elements. Therefore, we employed the inverters
depicted in Figs. 1(c) and (d) with no negative elements,
which have not been analyzed for frequency-dependent com-
pensation. The inverter structure for practical BPF imple-
mentation has a magnitude term as well as phase characteristics
based on the frequency. A conventional circuit [16] was pro-
posed to improve the frequency-dependent parameters based
on a novel J-inverter model. However, only the phase com-
pensation was performed in [16], and it still exhibited fre-
quency degradation.

In this paper, we present an accurate design method for
bandpass filters to compensate for the frequency dependence
of the magnitude and phase terms. We compensate for the
image admittance and phase terms that vary based on the
frequency; consequently, the frequency degradation is
improved from 10% to 20% Fractional Bandwidth (FBW).
The proposed circuit is implemented using lumped elements
and distributed lines, and the design theory is verified
accordingly.

Il. DESIGN THEORY OF BPF USING LUMPED
CIRCUITS

A. ANALYSIS OF INVERTER TYPES AND CENTER
FREQUENCY

It is difficult to design series resonators alternating with
parallel resonators in the practical implementation of a BPF
for high-frequency bands. In microwave filters, it is more
practical to use J and K inverters [1], where a common
design approach involves using a single type of resonator
structure and impedance inverter. Fig. 1 depicts the four
types of J-inverter models used for the implementation of
BPFs since the resonator type is a shunt type. Figs. 1(a) and
(b) depict the typical inverters with negative reactance val-
ues. The negative parameters are generally absorbed into the
adjacent lines of the positive resonator. However, they are
only applicable for cases where the proximity element values
can absorb negative parameter values, which usually have a
bandwidth limit. These inverters only exhibit the frequency
dependency of the image admittance part, as shown in Table
1. Figs. 1(c) and (d) depict the modified inverter structures
without any negative parameters. An idealized impedance or
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admittance inverter has characteristic immittances, K or J,
and a phase shift of 90° at all frequencies. However, the
practical inverter models for implementing the BPF structure
exhibit a frequency dependency based on the image admit-
tance and phase terms, as listed in Table 1. The conventional
circuit [16] depicted in Figs. 1(c) and (d) has the frequency-

. . . 1
dependent terms of image admittance corresponding to (l ——2)

=0 or (1-w?*LC) =0, by applying ¢ =J/w,, L= l/oJOJ.(DThe
image impedance (Z;,) in Fig. 1(c) is expressed as (1), indi-
cating that Z,,, is also a frequency-dependent function. Z;,, in
Fig. 1(d) is obtained in the same manner as in (1).
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These frequency dependencies can cause frequency degra-
dation of the designed filter with the widening of the fre-
quency band owing to (1). Thus, the new J inverter values
are obtained using (2-3) and the prototype values of the Che-
byshev filter, g, (n=0, ..., 1), as follows:
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The center frequency, (®,), is obtained when the sum of
susceptance at band edge frequencies, fl and 2, are zero, as
shown below:
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Fig. 1. Four types of J inverter models using lumped elements.

Table 1. image admittance and phase of j inverter in Fig. 1

Type Image admittance Image phase
@ J=oC B =-90°
(®) J=wL B = +90°

c 1 1
(C) | = [— e — = in~1

J ’L (2= Pt ’szw

c 2LC

(d) ] 3 Z[Z . (A)ZLC] ,3 = _ZSl'n_l wz

B. PHASE COMPENSATION

The J inverter model, which employs a combination of
lumped and distributed models that represent the inverter
properties of certain discontinuities in the transmission lines
[1], is also typically used for filter design. However, these
types exhibit changes in their immittances as the frequency
varies. This frequency dependency degrades the filter
response since the inverter values do not vary linearly with
the frequency [8]. These practical inverters require phase
compensation for frequency variations to design a wideband

bandpass filter. The image phase, ¢ = 2sin”' + , pre-

. . ) 20°LC
sented in Table 1(c) is the sum of the image phase at the

center frequency (¢,) and the phase deviations (A¢) from the
image phase corresponding to the frequency.

1 Wg -
1 —cosg =m=(ﬁ} :(%Tn,&m)
g (©)

1—rosgp =1 —cos(g, +Ad) = 1+ sinAg
=14+ Ap (7

Ad

Thus, the phase deviations (—5-) are expressed as —-A(;(g through

(6-7) using trigonometric functions. The obtained phase deviations
(ézd—)) are applied to the modified J inverter shown in Fig. 2.

Fig. 3 presents the proposed circuit diagram with a J-inverter

for phase compensation.

AD(w)/2 AD(w)/2

+90° Image phase shift

Fig. 2. The proposed inverter model for phase compensation.

Y, ‘(1) N ‘CD‘:) _ .0).‘2_ CDE CDZ 'll>-‘1' .CD ; Y
| |
JB1 - J12 ' ng ij_1 K Jn~1n A B, K Jnnﬂ
1
—1
iBia By iBas By iBrta iBas iBas iBae

Fig. 3. The proposed circuit diagram with J inverter for phase compensation.

C. DESIGN OF BPF USING LUMPED ELEMENTS

The input admittance at each section of the J inverter was
derived in [8] by using the correlation between the input
impedance and load impedance to apply the amplitude and
phase compensation terms. Thus, the derived input admit-
tances can simplify the derivation of the formula for J; in
terms of Y,, B,,, and the prototype element values g, and g,
as expressed as follows:

B;, +.f.1:ta"% + [y, tan A

@®)

Jon=a AD
Jo1— {B;l + J,-tan T} tanAd

Through (8), J;, is derived as (9).
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iz —
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Similarly, except for the two stages of the input and output
parts, J; ;1 is expressed as follows:

i Adp
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Table 2. 3 order calculated values using proposed design theory

Lol Col Lrl Crl Cl2 L2

Conven 433 1476 092 426 1152 0973

Proposed 444 1467 092 435 1217 0.961
(L[nH]/C[pF])

J,n41 can be expressed as (11) and (12) using (10) and (8),

respectively.
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Therefore, the final equations, (11) and (12), must be identi-
cal according to the inverter formula. J,; was obtained using
the recursive formula method, and the J inverter values of
the other stages are obtained in order. The proposed circuit
can be designed using an LCL-type of J inverter by applying
the method of compensating for the magnitude and phase, as
shown in Fig. 4. Table 2 presents the element values of the
3rd capacitive coupled BPF, which is calculated using the
proposed design method.

https://doi.org/10.56977/jicce.2023.21.1.1

lll. SIMULATION AND FABRICATION RESULTS
OF THE LUMPED ELEMENTS

The capacitively coupled BPFs with an FBW of 20% of
the proposed circuit and a conventional circuit using inverter
structures were designed at a center frequency of 2 GHz.
Fig. 5 (top) and (bottom) depicts the mathematical compari-
son results of the circuit simulation corresponding to the
conventional and proposed circuits, for the 3rd and S5th
orders, respectively.

The frequency band of the 3rd conventional circuit shifts
by approximately 20 MHz owing to the frequency variation
term. The bandwidth of the conventional method was
obtained only at approximately 340 MHz. However, the pro-
posed circuit had a bandwidth of 380 MHz at a return loss of
16.4 dB. The 5th order BPF of the proposed circuit is also
compensated for approximately 20 MHz frequency degrada-
tion, as shown in Fig. 5(bottom). Fig. 6 depicts the Sth
inductive coupled BPF using the CLC type, which demon-
strates that the frequency shift is compensated by using a
method similar to that of the capacitive-coupled BPF. Figs.
7(a) and (b) present the photographs of the conventional and
proposed circuits, respectively. The fabricated substrate was
Taconic, with a dielectric constant of 2.97, tangent delta of
0.001, copper thickness of 0.035 mm, and substrate height of
0.762 mm. The inductor elements of the 3rd capacitive cou-
pled BPF were implemented by using a short stub, and the
capacitor elements used chip capacitors. The chip capacitor
values of the conventional circuit were 1.485 pF and 1.421
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Fig. 5. Circuit comparison results from mathematical analysis of
conventional and proposed circuits (Top) 3rd BPF (bottom) 5th BPF.
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Fig. 6. The 5th inductive coupled BPF of the proposed circuit.

Fig. 7. Fabricated photograph of the (a) conventional filter and (b) proposed

filter.
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Fig. 8. Measured results of the conventional and proposed circuit of 3rd
BPF.

pF, whereas those of the proposed circuit were 1.485 pF and
1.5 pF. The dimensions of the conventional and proposed
circuits were 66x62 mm? and 41x62 mm?, respectively. Fig.
8 presents the measurement results of the proposed circuit,
which demonstrate that the frequency band of the conven-
tional circuit is shifted by approximately 20 MHz owing to
frequency degradation, whereas the proposed circuit fits the
target bandwidth well.

IV. ADESIGN OF THE PROPOSED FILTER USING
DISTRIBUTED LINES

The conversion from the LCL inverter to the distributed
line demonstrates that the phase is slightly shifted from
lumped elements to distributed lines, as shown in Fig. 9.
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Fig. 9. Phase comparison results of conventional and proposed inverter
circuit based on the lumped and distributed line.
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Fig. 10. (a) The proposed circuit comprising distributed lines. (b) Simulation
results of the proposed 3rd and 5th filters in Fig. 10(a).
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‘

Fig. 11. Fabricated photograph of the proposed circuit using distributed

lines.
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Fig. 12. Comparison results of the conventional and proposed filter based
on 3D simulation and measurement.

Table 3. Performance comparison of previous works

Ref  fy[MHz] FBW[%] RL[dB] IL[dB] Technology
[8] 2600 2.5 28 - Waveguide
[11] 1990 12.4 18 1.4 Coupled line

[12] 2400 18.5 9.13 2.74
[13] 1450 42.7 13 -
This 2000 19 16.4 0.85

Coupled line
LC-chips

Transmission-line

Fig. 10(a) presents a circuit schematic of the application of
distributed lines, and Fig. 10(b) presents the results of com-
pensating for the phase error while converting from lumped
elements to distributed lines in the circuit. The target FBW
of 20% was well matched by compensating for the fre-
quency-dependent terms, as a simulation result of the 3rd
proposed filter. The conventional filter has a bandwidth of
only 370 MHz, which does not reach the target band owing
to its frequency degradation characteristics.

https://doi.org/10.56977/jicce.2023.21.1.1

V. FABRICATION RESULTS OF BPF USING DIS-
TRIBUTED LINES

Fig. 11 presents the photographs of the conventional and
proposed filters. The proposed filter is implemented on a
microstrip on a taconic substrate. The size of the fabricated
filter was approximately 90x43 mm?, at a center frequency
of 2 GHz. Only the frequency shift due to the added junc-
tions between the lines was slightly corrected when design-
ing the 3D structure. The corrected values owing to the
junctions were applied equally to the conventional and pro-
posed circuits, which were fabricated without further optimi-
zation. Fig. 12 presents the comparison results of the
conventional and proposed filters based on 3D simulations
and measurements. Based on this fabrication process, the
conventional filter can be used to design a BPF with 10%
FBW. However, it does not accurately compensate for the
frequency-dependent terms of magnitude and phase; there-
fore, it exhibits frequency degradation, as shown in Fig. 12.
The conventional circuit exhibits a frequency degradation of
1.84-2.19 GHz at a return loss of 16.4 dB, and presents a
narrower band and frequency shift. However, the proposed
circuit exhibits a frequency degradation of 1.78-2.199 GHz
at a return loss of 16.4 dB and has 20% FBW of the desired
band.

Contrary to the LCL structure, which has a slightly smaller
bandwidth owing to the high-pass filter type, the proposed
circuit is well implemented, with phase compensation imple-
mented by a distributed line, even with a target bandwidth of
20%.

Table 3 presents the comparison results of previous stud-
ies, which demonstrate the performance of the bandpass fil-
ter using the J/K inverter method.

VI. CONCLUSION

In this study, we present a wideband BPF design method
using a lumped-type J inverter. The frequency-dependent
function in the inverter of the lumped type is compensated
for based on the magnitude and phase terms, to make a
wideband filter. For magnitude compensation, the amplitude
parameters changed by frequency were included in the sus-
ceptance to obtain a new J-inverter parameter. For the phase
compensation, the J-recursive formula was used by applying
the conventional J-inverter model. Thus, frequency degrada-
tion at 20% FBW was observed owing to the limitation of
the amplitude-frequency compensation in the conventional
structure. Therefore, the proposed circuit using lumped ele-
ments accurately compensated for the frequency shift and
bandwidth, and it was confirmed that compensation was
achieved even when implemented as a distributed line.
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