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ARTICLE INFO ABSTRACT

Index Terms: Inductors that are widely used in wideband filter designs could result in large filter size and high insertion loss. A
Band-pass filter (BPF) novel design method using admittance matrix based on direct circuit implementation is introduced for wideband
Improvement bandpass filters. Firstly, a frequency transformation is performed on cross-couplings to realize the conversion
?:;;;:;:;Z;Ot between inductor and capacitor, thereby reducing usage of inductors. Moreover, by virtue of an enhanced

resonator (type I), an approach of adding extra transmission zero is proposed to improve the out-of-band
rejection without any additional usage of inductors. Thirdly, based on the frequency transformation, another
enhanced resonator (type II) is introduced to further improve the frequency characteristics without compro-
mising usage of inductors. Finally, by cascading the enhanced resonators of type I and type II, a novel filter can
be constructed. This novel filter is designed and fabricated using a glass-based integrated passive device (IPD)
technology. The measurement results are highly consistent with the simulation results. It is shown that the
proposed design method can reduce the filter size and thus improve the chip integration. It enriches the freedoms

Transmission zero

during the filter design.

1. Introduction

RF front-end module is an important part of a wireless communica-
tion systems, which is responsible for processing RF signals [1,2].
Rejecting unwanted and spurious signals is usually accomplished by
miniaturized microwave bandpass filters, which is part of the RF
front-end module. Modern wireless communication systems have put
forward higher requirements for filter performance, especially insertion
loss, out-of-band suppression, and size. Acoustic filters including surface
acoustic filters (SAW) and bulk acoustic wave (BAW) filters have been
used in RF front-ends, with small size, high out-of-band rejection, and
low insertion loss [3,4]. Limited by the energy conversion efficiency of
resonators, it is difficult for acoustic filters to achieve a wide passband
and be applied to higher frequencies.

Filters based on low-temperature cofired ceramic (LTCC) [5] tech-
nology and integrated passive device (IPD) [6] technology are also used
in RF front-ends. Compared with acoustic filters, IPD filters can achieve
a wider bandwidth and perform better at high frequencies. The IPD
process based on the glass or silicon is more precise than LTCC and has a

thinner thickness, which makes it easier to be integrated [7-9]. How-
ever, IPD technology has higher insertion loss. How to reduce the
insertion loss of IPD filters is a key issue to be resolved.

Matrix synthesis is an important tool for filter design. Chebyshev
polynomials provided a synthesis method for filter design [10]. In recent
years, many novel filter synthesis methods have been proposed, such as
multiband coupling matrix synthesis technique [11,12], lossy micro-
wave filter coupling matrix synthesis method [13,14], coupling matrix
with non-resonator [15,16], three-dimensional coupling matrix tech-
nology [17], coupling matrix with nonreciprocal filter [18,19], and
coupling matrix with frequency-dependent coupling [20,21]. Due to the
use of constant coupling coefficients, these coupling coefficients need to
be determined at the center frequency, which makes the synthesized
filters narrow-band.

In order to achieve wideband filters, a method to determine the
resonators and inverters with acceptable quality factors by adjusting the
normalized slope parameter or the reference susceptance parameter has
been proposed [22]. Moreover, based on the theory in Ref. [23], a
method for converting negative lumped element into positive lumped
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element was presented in Ref. [24]. Although these methods can pro-
duce wideband filters, a large number of inductors were used, and thus
resulting in large filter size and high insertion loss.

In this work, a new filter design method is proposed to resolve the
issue of excessive inductor usage. This method is an improvement of the
cascade filter design directly implemented by lumped elements. A fre-
quency transformation and two enhanced resonators are proposed in
this design method. The wideband bandpass filters (BPFs) with a small
number of inductors are realized from the coupling matrix by virtue of
this design method, which offers a general approach for designing
wideband BPFs with fewer inductors. To validate this design method, a
novel filter is designed and fabricated using a glass-based IPD technol-
ogy. The measurement results are highly consistent with the simulation
results. It is shown that this design method can reduce the filter size and
thus improve the chip integration. It enriches the freedoms during the
filter design.

2. Proposed method
2.1. Coupling matrix
The admittance characteristics of a filter with n cascade resonators,

as shown in Fig. 1(a), can be well characterized by an (n+2) by (n+2)
matrix, called the coupling matrix A, as follows [23]:

—j ms - Mg Mg
mg; My my, my
A= : : : : (@]
Mgp  Myp Mpp My,
Mg, My - My —j

where m;; is the self-coupling of the i th resonator, my is the coupling
between the i th and k th resonators. For a given filter topology, the
matrix A can be obtained using synthesis method described in Ref. [23].
The S-parameters can be calculated in terms of matrix A as

S =1+2[A7"], @
S12 =81 = 72]‘[A71}1,N+2

For a resonator consisting of a grounded parallel inductor and a

capacitor as shown in Fig. 1(b), m; can be expressed as
1
m; =wC; — — 3
wL;

Considering the case where the circuit consists exclusively of lumped
elements, J admittance inverter, as shown in Fig. 1(c)-is employed to
describe the coupling between resonators, where Y in Fig. 1(c) is

Ci Li -Y -Y

(b) (©

Fig. 1. (a) Filter with n resonators cascaded. (b) Resonator. (c) J admit-
tance inverter.

Microelectronics Journal 151 (2024) 106300

considered as an inductor, capacitor or resonator [25]. The coupling
term my, can be expressed as the admittance of the lumped element Y in
Fig. 1(c). Notice that there are two negative elements in the conductive
inverter consisting of lumped elements in Fig. 1(c), which is absorbed by
the resonator adjacent to the inverter. It’s means that the resonance
frequency of the resonator will change. Therefore, the resonator con-
sisting of parallel inductors and capacitors need be compensated as

1 "1
Lt/ (L > L>
@

n
Ci—Ci+ > Ca
k=1

where i # k. Noted that when there is only inductance coupling or
capacitance coupling between resonator i and resonator k, the missing
compensation should be omitted.

Without loss of generality, it is assumed that the source and load
impedances are normalized, and the source and load are directly con-
nected to one resonator only in all the derivations hereinafter.

2.2. Transformation

For cascade filters with most couplings being inductive, a lowpass to
highpass transformation is introduced. This can be viewed as a quadratic
transformation based on the lowpass prototype to the bandpass trans-
formation. Give a mapping
Lo ®)

®

where t is a real variable. This transformation is applied to the entire
circuit, i.e., not only to the J-admittance inverter, but also to the reso-
nator itself. For a resonator consisting of an inductor and a capacitor
connected in parallel, this transformation does not change its resonance
characteristics. Note that this transformation maps @ = 0 to @ = o0, and
® = oo to w = 0, the frequencies of the transmission zeros in the stop-
band and the poles of the passband are changed. Therefore, this trans-
formation changes the passband of the filter.

The transformed transmission zeros and poles can be represented by
variable t and the original frequency

, 1
o (6)

The CT filter consisting of three resonators has three poles and a
transmission zero, where the transmission zero is generated by cross-
coupling. Consider the CT filter with two inductive coupling and one
capacitive coupling in Fig. 2(a) as an illustration. Resonators 1 and 3 are
directly connected to the source and load, respectively. To facilitate
calculations, the impedances of the filter’s source and load are
normalized. Therefore, the constant external couplings ms; and mjs; are
equal to 1 and -1, respectively [21]. From (1), the coupling matrix of the
third-order BPF in Fig. 2(a) can be expressed as

1 0 0 0
my my mz 0
my; 0 7
myz My maz —1

0 0 -1 —j

>
Il
cocorJ
3
n
3
N
%]

n C Cn L
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Fig. 2. (a) CT filter with two inductive coupling and one capacitive coupling.
(b) CT filter with one inductive filter and two capacitive coupling.
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where

1 1

myy=——M3 = ——
(DL]z (1)L13

,My3 = —wCa3

Following the mapping in (5), the inductive coupling m;», and m;3
can be transformed into capacitive as shown in Fig. 2(b). For the
transformed filter, the elements in its coupling matrix should be modi-
fied as

, o G , 0]
mj =————— My = ———
tLi [0) tL]z
w tC23
Mz’ = — ——, Mg = —— (€))
tL13 [0}

Comparing with the filter in Fig. 2(a), the filter in Fig. 2(b) uses one
less inductor. For circuits with far more inductors than capacitors, this
transformation has an obvious merit of reducing the number of
inductors.

The lumped elements in the transformed filter can be determined by
the original filter and the variable t as follows:

!

=% ©
1

C:E (10)

An example of the CT filter in Fig. 2(a) and its transformed CT filter
in Fig. 2(b) is shown in Table 1.

Fig. 3 plots the characteristics of the transmission zero and poles of
the original filter and its transformed filter in Table 1. The transmission
zeros originally in the lower stopband migrate to the upper stopband due
to the cross-coupling. Similar change can be observed in the poles,
which results in the filter passband to be controllable with t.

2.3. Enhanced resonator of type I

Adding poles or transmission zeros is a popular solution for filters
with poor out-of-band rejection. The former implies usage of more res-
onators, whereas the latter means more cross-coupling or mix coupling,
thereby resulting in usage of more inductors [25]. In this subsection, an
approach of adding an extra transmission zero without additional usage
of inductors is proposed.

Note that

1S + 812> =1 an

Based on (2) and (11), S;; and S;» can be expressed as

det(B
Sn= - (Br) 12)
det(C,)
2
S =1 |det(B)
12E70 7 | det(Cy)
Table 1
A transformed filter.
Original filter of Fig. 2(a)
Element C1 (pF) Cs (pF) C3 (pF) Ci2 (pF) Ci3 (pF)
Value 36.8 75.8 65.7 41.95 12.65
Ly (nH) L, (nH) L3 (nH) Loz (nH)
0.0214 0.0172 0.0369 0.0309
Transformed filter of Fig. 2(b) (herein, ¢ is set to 1)
Element C1 (pF) Cy (pF) C3 (pF) Ca3 (nH) L, (nH)
Value 46.73 58.14 27.1 32.36 0.0272
Ly (nH) Lz (nH) Liz (nH) Ly3 (nH)
0.0132 0.0152 0.024 0.08
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Fig. 3. S-parameters of the CT filter and the transformed CT filter.
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where f; is the cofactor of matrix B, excluding the first row and ith
column.

A simple mathematical relationship can be obtained from (12). When
my; tends to infinity, S12 tends to 0. According to the transformation of
highpass filter to the bandstop filter given in Ref. [25], replacing the
grounded inductor in the resonator with a grounded series inductor and
capacitor allows the resonator to create an additional transmission zero.
It should be noted that this replacement does not involve frequency
transformation. Instead, its purpose is to generate transmission zeros.

The modified resonator, called the enhanced resonator of type I, is
shown in Fig. 4(a). The transmission zero is generated at frequency 1/
v/L1;Cy; by the enhanced resonator of type I. The self-coupling of the
modified resonator can be expressed as

wCy
= E E 1
e LUC1 w2L11C11 -1 + Cl] a)L1] ( 6)

where C; and L; are compensations for the negative component of the
admittance inverter.

Taking the fourth-order circuit in Fig. 4(b) as an example, it can be
regarded as a cascade of the enhanced resonator of type I and the circuit
in Fig. 2(b), or a direct modification of the original fourth-order circuit
in Fig. 4(c). Fig. 4(d) shows the additional transmission zero produced
by the circuit in Fig. 4(b) by comparison to the circuit in Fig. 4(c). The
values of the lumped elements for implementing the circuits in Fig. 4(b)
and (c) are listed in Table 2.

2.4. Enhanced resonator of type II

Based on the circuit of Fig. 2(b), which is obtained after the fre-
quency transformation, an enhanced resonator, called the enhanced
resonator of type II, can be constructed as shown in Fig. 5(a).

According to the (12), S;; of the enhanced resonator can be
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Fig. 4. (a) Enhanced resonator of type I. (b) Fourth-order filter with the
enhanced resonator of type I. (c) Original fourth-order filter. (d) S-parameters
of the filters in (b) and (c).

expressed as

Re(B3) +jIm(Bs)

Sy = T8
"' " Re(C3) +jIm(Cs)

17)

where Re(B3), Im(Bs), Re(Cs), Im(C3) can be obtained from (14) and (15)
as

Re(B3)= | miz Mgy Ma3 | + My
my3 M3 M3
Moo Ma3 LMy M2
Im(Bs) =j
Mmp3 M3 My My
mp; Mz Mas
Re(Cs)= | miz My My | —my
my3 M3 Ms3
Im(Cs) = —j Mz Mpz| .My My2
My3 M3z My Mya

When both Re(B3) = 0 and Im(Bs3) = 0 are satisfied, the resonator can
produce a pole. Taking into account the compensation of the negative
component of the admittance inverter, as shown in Fig. 1(c), the
coupling terms of this resonator can be expressed as (18).

1
my = (Ciz + Ci3) — oL,

Table 2
A filter with enhanced resonator of type I.
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My =w(Cy+C12) —

L3
=w(C3+C13) —
mz3 = (C3 + C13) Wl
1
myz = — @Cy2,My3 = —0Cy3,My3 = —— (18)
@Lys

According to 18, Re(B3) and Im(Bs) can be characterized as (19). The
poles of this resonator can be characterized as (20).

Re(B;) = a1 x® +bix+c; (19)
Im(B;3) = a1 + bix — 1
axc; + ay
_ 20
¢ a by — axb, 20

Note that this resonator contains a cross-coupling, specifically rep-
resented as my3, which can achieve a transmission zero. According to
(2), S12 of this resonator can be expressed as (21).

mp M3

’ m: m
S]z _ 2] 22|A‘ 23

21

According to the (21) and (18), the transmission zero of the
enhanced resonator can be expressed as (26).
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Fig. 5. (a) Enhanced resonator of type II. (b) Second-order filter with the
enhanced resonator of type II. (c) Original second-order filter with mix
coupling. (d) S-parameters of the circuits shown in (b) and (c).

Filter of Fig. 4(b)

Element Cy (ph) Ca (pf) Cs (pf)

Value 35.9 168.25 142.1
Cas () > (nH) I3 (nH)
36.8 0.0018 0.028

Filter of Fig. 4(c)

Element C; (pf) Co (pf) Cs (pf)

Value 92 150.25 109.25
I (nH) I, (nH) I3 (nH)
0.0035 0.0194 0.0374

C4 (pf) Cy (p) Ci12 (pf) Cas (pf)
112.25 205.8 103.95 82.6

Iy (nH) Iy (nH) I34 (nH)

0.067 0.084 0.0576

C4 (pf) Ci12 (pf) Ca3 (p) Caq (pf)
112.5 101.25 75 112.5
Iy (nH) I34 (nH)

0.0629 0.063
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Ci2 +Ci3
0=\ |7 (22)
Ly3(Cz 4 C12)Ci3

By virtue of the enhanced resonator of type II and the circuit of Fig. 4
(c)-a novel second-order filter circuit, as shown in Fig. 5(b), can be
formed by replacing resonators 2, 3, and 4 in Fig. 4(c) with the enhanced
resonator of type II. The original second-order filter, which is formed by
mix coupling of the resonators in Fig. 1(b)-is shown in Fig. 5(c). Note
that both the filter circuits in Fig. 5(b) and (c) use the same number of
inductors and have exactly two poles and one transmission zero. With
the enhanced resonator type II, more capacitors can be implemented
while maintaining the same number of used inductors. The designed
filter based on this enhanced resonator of type II can achieve better out-
of-band rejection.

Fig. 5(d) plots the S-parameters of the circuits in Fig. 5(b) and (c).
The values of the lumped elements that realize Fig. 5(b) and (c) are listed
in Table 3. From Fig. 5(d), one can observe that the novel filter with the
enhanced resonator of type II exhibits superiority over the original one.

3. Validation and measurement

By cascading the enhanced resonators of type I and type II, a novel
filter, as shown in Fig. 6(a), can be constructed. Type I resonators use
only one inductor to produce one pole and one transmission zero which
can reduce the usage of inductors. Type II resonators can achieve better
out-of-band rejection with the same number of used inductors which can
avoid using more inductors for high out-of-band rejection. In the IPD
designs, inductors are one of the key components which occupy the
largest physical area of the final design and result in high insertion loss.
And by cascading these two resonators can effectively reduce the
physical dimensions and insertion loss of the final filter designs.

This novel filter is designed and fabricated on a glass substrate with a
relative permittivity of ¢ = 4.4 and a thickness of h = 230 pm. This novel
filter is implemented using octagonal planar spiral inductors and MIM
capacitors by virtue of the glass-based IPD technology. Fig. 6(b) shows
the layout of this novel filter, which is designed using a full-wave elec-
tromagnetic solver, UltraEM [26].

Fig. 6(c) depicts the simulation and measure results of this novel
filter. From Fig. 6(c), one can observe that this novel filter exhibits a
bandwidth covering the range of 3.3 — 4.5 GHz with an insertion loss
less than 1.0 dB and a return loss less than —18 dB. Its out-of-band
rejection is better than 25 dB at the low frequency band from 1.0 GHz
to 2.5 GHz and better than 23 dB at the high frequency band from 6.0
GHz to 7.0 GHz.

From the measurement results, this novel filter has two poles in the
passband and one transmission zero in the upper and lower stopbands.
The measurement results are highly consistent with the simulation re-
sults. The physical size of this novel filter is 0.78 x 1.08 mm? only,
which is a half of the third-order cascade filter with two transmission
zeros in Ref. [19]. The proposed design method can reduce the filter size
and thus improve the chip integration. It enriches the freedoms during
the filter design.

Table 4 summarizes the proposed filters and the reported high-

Table 3
A filter with enhanced resonator of type II.

Filter of Fig. 5(b)

Element C1 (pF) Cs (pF) C4 (pF) C12 (pF) Co3 (pF)
Value 12.06 56.5 62 26.5 52.65
Ca4 (PF) L; (nH) Ly (nH) L34 (nH)
20.85 0.0604 0.0266 0.0263
Filter of Fig. 5(c)
Element C1 (pF) Cs (pF) C12 (pF) L; (nH) Ly (nH)
Value 49.65 58.3 62.45 0.0507 0.0393
Ly3 (nH)
0.0131
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Fig. 6. (a) Novel filter with the enhanced resonators of type I and type II, where
C; = 0.5215pf, C; = 1.7066pf, C3 = 1.2922pf, C4 = 1.4173pf, Ci2 =
0606pf, C23 = 1204pf, C24 = O477pf, Ly = 3452TLH, Ly, = 152nH, L3y
1.502nH. (b) Layout of the novel filter. (¢) Simulation and measure-
ment results.

performance filters. In comparison with [27,28,29], the designed filter
based on the proposed method can achieve lower insertion loss. In
comparison with [28,29], the designed filter can achieve a smaller
physical size. In contrast to Refs. [28,30], the designed filter can utilize
fewer inductors using the proposed method.

4. Conclusion

Inductors that are widely used in wideband filter designs could result
in large filter size and high insertion loss. Herein, a design method was
proposed for wideband BPFs to reduce the use of inductors by analyzing
the characteristics of coupling matrix based on the cascade filters. This
design method, which is based on modified cascade filters implemented
with direct lumped components, can achieve high performance of
wideband BPFs with fewer inductors. In this design method, a frequency
transformation and two enhanced resonators were proposed. To validate
this design method, a novel filter was designed and fabricated using a
glass-based IPD technology. It was shown that this design method can
reduce the filter size and thus improve the chip integration, which
provides a very promising approach for designing filter chips that have
strict requirements on size and integration.
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