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ABSTRACT A novel class of low-temperature cofired ceramic (LTCC) bandpass filters (BPFs) is pro-
posed in this paper, featuring of compact size and good filtering responses in both microwave and
millimeter-wave (mm-wave) bands. By effectively merging the lumped elements and distributed effects,
amodified LTCC-based hybrid lumped and distributed resonator (HLDR) is introduced. In detail, the lumped
part of a LTCC interdigital capacitor and a high-impedance line is used to reduce circuit size, loss, and
cross-talks. The distributed part, saying, the mutual couplings between adjacent HLDRs and to the ground,
is used to improve the design flexibility and filtering performance for HLDR filters. With mutual couplings,
the coupling matrix method can be applied. Furthermore, the frequency-variant mixed couplings between
HLDRs are investigated, and coupling matrix method is improved by introducing a new coupling mechanism.
Multiple transmission zeroes (TZs) are firstly realized with second-order in-line topology, but without adding
cross-couplings or bandstop structures. To validate above design strategies, one S-band and one Ka-band
second-order HLDR BPFs are simulated and measured, respectively. Very compact size, low loss, high-
selectivity, and wide upper stopband are observed, especially in mm-wave range.

INDEX TERMS Bandpass filter (BPF), design method, microwave, millimeter-wave, mixed couplings,

low-temperature cofired ceramic (LTCC).

I. INTRODUCTION
With the progressive development of modern wireless
technology, more frequency spectrums in microwave and
millimeter-wave (mm-wave) have been used. For example,
S-band (3.5 GHz) and Ka-band (28 & 39 GHz) are for the
fifth generation (5G) mobile communication [1]. K-band
(24 GHz) and V-band (77 GHz) are employed for automo-
tive radar sensors [2]. In future, high-performance bandpass
filters (BPFs) in both microwave and mm-wave ranges are
demanded, which are the essential devices to select signals in
RF front-ends.

Under 6 GHz, different types of bandpass filters have been
investigated. The surface/bulk acoustic wave (SAW/BAW)
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filters are widely used in the mobile terminals [3]. For the
base stations, the waveguide or co-axial cavity filters are
the common solution due to its high-power capacity [4].
As the operating frequency rises to higher frequency, many
challenges have been brought up for the design of BPFs. For
example, SAW/BAW filters are not feasible for millimeter
wave applications till now [3]. The system-on-a-chip (SoC)
and system-in-a-package (SiP) are the two common solutions
for mm-wave systems. Therefore, the features of compact
size and high integration are critically required, which are not
easy for waveguide and substrate integrate waveguide (SIW)
filters [5], [6]. In addition, low transmission loss is also
important, but the insertion loss of microstrip (MSL) fil-
ter usually increase with higher frequency [7]-[13]. More-
over, stopband suppression is demanded from microwave
to mm-wave bands, which is not easy for lumped
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TABLE 1. Potential design methods for millimeter-wave BPFs.

SAW/ | Wave- SIW MSL | Lumped Pro-
BAW | guide BPFs BPFs BPFs posed
BPFs | BPFs | 0% | [7]- [14]- | HLDR
[3] [5] [13] [15] BPFs
MMowave | Ly V| o v v
application
Flexible | |
bandwidth | § ° ) ) v
Low loss o N o x o o
Corppact N « « o N
size
| Easy o x o \ \ \
integration
Stopband |y 1y | o | o x °
suppression
ngh \/ \/ [¢] 0] X O
selectivity

v: good, o: medium, x: bad

filters [14], [15]. Aiming at mm-wave application, the prop-
erties of the existing filter design methods have been summa-
rized, as shown in Table 1. As observed, it is indeed difficult
to design an mm-wave filter with all the specifications well
satisfied by using above methods.

To improve the filter performance, the idea of hybrid
filter was presented by merging different design methods
together. In [16], the microstrip and ridged waveguide were
both used to realize a low-loss filter in K-band. In [17],
the proposed hybrid resonator contained a series and a shunt
resonance, which can introduce one more transmission zero
(TZ). To realize miniaturization, the lumped chip capacitors
were welded to microstrip resonators in [18] and [19]. In [20]
and [21], the lumped and distributed elements were realized
with same fabrication process for further miniaturization.
In [22], the distributed stepped-impedance resonators (SIRs)
were used to replace the lumped elements in a lumped fil-
ter, resulting in multiple TZs in the stopband. In summary,
the lumped elements can help reduce circuit size of BPFs,
while the distributed ones can improve filtering responses.
However, it is still not easy to realize compact size and good
filtering performance simultaneously [18]—-[22]. To solve this
issue, the investigation on the integrated design method of
lumped and distributed elements is necessary.

In this paper, a new class of low-temperature cofired
ceramic (LTCC) bandpass filters is proposed by using hybrid
lumped and distributed resonators (HLDRs). Aiming at com-
pact size and low loss, HLDR is composed of quasi-lumped
LTCC capacitor and high-impedance microstrip section
inductor, as shown in Fig. 1. Different from published lumped
resonators, the distributed effects are also introduced and
analyzed for HLDRs. In particular, the inter-connection of
HLDRs are realized by mutual couplings. In this way, the cou-
pling matrix method [7], [23] for distributed filters can be
applied for HLDR filters, which can highly improve the
design flexibility and filtering performance.

Furthermore, the classic coupling matrix method is fur-
ther improved by introducing a new coupling mechanism to
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FIGURE 1. Topology of the proposed LTCC-based HLDR.

realize multiple TZs. Instead of cross couplings, the mixed
electric and magnetic couplings are used for generating TZs.
For HLDR filters, the mixed couplings are in-phase and
frequency-variant, which can realize multiple TZs for HLDR
filter, even with two-pole in-line topology. In detail, two
close-to-passband TZs can be controlled independently for
high selectivity. By adjusting the ratio of coupled and uncou-
pled lines in HLDR, the number of TZs in upper stopband
is also controllable. To validate the proposed design method,
one second-order 3.5 GHz and one 36 GHz BPFs are respec-
tively designed with LTCC process. Very compact size, low
loss, high-selectivity performance by TZs generation, and
extended upper stopband can be simultaneously observed in
the microwave and mm-wave bands.

The organization of this paper is given as below. The
analyses of LTCC-based HLDR will be given in Section II.
In Section III, the improved design method for HLDR band-
pass filters with multiple TZs is investigated. Finally, one
sub-6 GHz and one mm-wave LTCC filters are designed
respectively for demonstrations in Section IV.

Il. LTCC-BASED HYBRID LUMPED AND DISTRIBUTED
RESONATORS

To begin with, the idea of the proposed hybrid resonator is
introduced with an effective integrated design of the lumped
elements and distributed effects. Second, the implementa-
tions of the proposed HLDR in LTCC process are investi-
gated. Atlast, the characteristics of the proposed LTCC-based
HLDR are analyzed.

A. INTEGRATED DESIGN FOR LTCC-BASED HLDR

As for reported mm-wave front-ends, BPFs were not applied
due to its large circuit size and transmission loss. To solve this
problem, the LTCC-based hybrid resonator is proposed by
effectively utilizing the advantages of lumped and distributed
elements.

Table 2 shows a comparison between lumped, distributed,
mixed lumped-distributed BPFs and our proposed HLDR
filters. First, the proposed HLDR can be regarded as an open-
loop resonator in which the open ends are coupled with a
lumped capacitor, as shown in Fig. 1. As the capacitance C;
increases, the frequency-relevant open-loop resonator turns
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TABLE 2. Comparison between the reported lumped, distributed, mixed lumped-distributed BPFs and proposed HLDR filter.

Lumped filters [14]-[15]

Distributed filters [7]-[13]

Mixed lumped-distributed
filters [18]-[22]

Proposed LTCC-based HLDR filter

Adopted
resonator

Series or parallel LC
ranks

Open-loop resonator,
stub-loaded resonator, etc.

Distributed resonator loaded
with chip capacitors

Integrated design of lumped
elements and distributed effects

Circuit size of

Frequency-irrelevant
resonator

0.25/g - 0.54g

<0.251g 0.014g - 0.08)g

Inter-connection

Lumped elements
of resonators

Mutual couplings

Lumped elements (mainly) Mutual couplings

to one frequency-irrelevant HLDR. Therefore, HLDR is of
very compact size, just like the lumped resonator. Second,
the coupling effect of HLDR to the ground C; and to adjacent
resonator are also considered, which make HLDR performs
more than a parallel or series LC tank.

Besides the adopted resonator, the inter-connection way of
resonators also determines filtering responses. As for lumped
filters, the LC tanks were usually connected with lumped
inductors or capacitors [14], [15]. Therefore, the design flex-
ibility of lumped filters is limited by number of lumped ele-
ments. As for distributed filters, the coupling matrix method
can be used, which is based on coupling coefficients of
inter-resonators and external quality factors of the input and
output resonators [7]. Therefore, high design flexibility was
realized for the distributed filters [7]-[13]. As for our pro-
posed HLDR bandpass filters, the mutual couplings between
HLDRs, including both electric and magnetic couplings, are
introduced by the coupled transmission lines. By appro-
priately adjusting the coupling matrix, the bandwidth and
stopband performance of HLDR filters can be flexibly
controlled.

In order to realize good performance in high frequency,
especially in mm-wave band, HLDR is introduced with an
effective integrated design of lumped components and dis-
tributed effects:

1) Lumped elements, namely the LTCC inter-digital
capacitor and high-impedance microstrip section
inductor, are used to realize compact size, low radiation
loss, and low cross-talk;

2) Distributed effects, namely the mixed couplings, are
introduced to improve the filtering performance. For
example, the desired filtering responses can be realized
based on coupling matrix method; multiple TZs are
introduced in the stopband by using mixed couplings.

Compared with reported hybrid filters [18]-[22] and our
previously work [24], both the compact size and good fil-
tering response are obtained for the proposed HLDR filters,
especially in mm-wave bands.

B. IMPLEMENTATION OF HLDR BY USING LTCC PROCESS
In the following, a compact HLDR is well implemented by
making full use of the LTCC technology. The employed
LTCC substrate is Ferro A6-M with dielectric constant
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FIGURE 2. Three types of LTCC-based lumped capacitors with same circuit
size. (a) Case TI: Vertical MIM capacitor [17], Cases 2&3: 3-D interdigital
capacitors. (b) Extracted capacitances.

of 5.9 and loss tangent of 0.002. The thickness of each
metal and dielectric layer is 10 um and 94 um, respectively.
Compared with single-layer processes, the multi-layer LTCC
process own several advantages:

(i) Large value of lumped capacitor can be realized with
small circuit size by utilizing the couplings between the
same and different layers;

(i) Coupling topology of filter can be designed flexibly in
multiple metal layers.

According to (i), the LTCC-based lumped capacitor can
easily designed with compact size and large capacitance.
As shown in Fig. 2(a), three cases of LTCC-based capaci-
tors are analyzed, which are of same circuit size. By using
electromagnetic (EM) simulation software, the impedance
parameters of the LTCC-based capacitors can be obtained.
The capacitances C; can be accordingly extracted by

—1
- (Im(Z(1, )+ Z(2,2))) x (w x f)

ey

Ci

where im(Z(1,1)) and im(Z(2,2)) are the simulated impedance
parameters, and f is the operating frequency.
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FIGURE 3. Flexible design of high-impedance microstrip section inductor
in LTCC process for HLDR.

As shown in Fig. 2(b), the lumped capacitor in Case 3 owns
larger capacitance, because the couplings within the same
layer and between different layers are both effectively uti-
lized. Therefore, the LTCC-based lumped capacitor in HLDR
is selected as Case 3.

Second, the high-impedance transmission line (TL) is also
implemented with LTCC process, which has two functions:
one is to provide the inductance for HLDR, and the other one
is to introduce mutual coupling between adjacent resonators.
As we see, the inductance of microstrip line can be calculated
by [25]

L1(nH) = 2 x 1074 |In t1a03+ Bk
- witi) 31 §

Kg = 0.57 — 0.145In(w3/h) w3 /h > 0.05 2)

where [ and w3 is the length and width of the TL, respectively,
t is the thickness of printed metallic layer, and # is the thick-
ness of substrate. As for the microstrip line with complicated
topology, the inductance L can be obtained according to the
simulations:

L— im(Z(1, 1)+ Z(2,2))
'= 4 x f

3)

In addition, the microstrip section inductors are used
to introduce mutual couplings between adjacent HLDRs.
According to (ii), the coupling topology of TL can be
designed flexibly in LTCC process, as shown in Fig. 3. For
Type I, the TL and lumped capacitor are connected directly
on both sides; for miniaturization, the TL is placed above the
interdigital capacitor in Type II; for Type III, the TL is folded,
and ratio of coupled and uncoupled TLs can be adjusted;
for Type 1V, the uncoupled TL can be arranged in the lower
metal layer beneath the coupled one. By using multi-layer
LTCC process, a large freedom can be achieved to design the
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coupled and uncoupled TLs of HLDR, so as to the coupling
coefficient between coupled HLDRs.

C. CHARACTERISTICS OF LTCC-BASED HLDR
As shown in Fig. 3, the resonant frequency of HLDR mainly
depends on its self-capacitance C; and self-inductance L

fo~1/Q@r/CT x L1) )

The mutual coupling between the microstrip section induc-
tor and lumped capacitor is weak, therefore, the resonant
frequency can be controlled independently by adjusting the
dimensions of inductor and capacitor, respectively.

In addition, the total quality factor Q of microstrip res-
onator can be expressed by [26]

0=1[1/Qc+1/0d +1/0r1" 5)

Here, Q., Qq, and Q, are the quality factors corresponding
to conductor, dielectric, and radiation losses, respectively.
Generally, the loss of resonator increases significantly with
the smaller circuit size and higher operating frequency. For-
tunately, with an effective integrated design of lumped and
distributed elements, high quality factor is realized for the
proposed compact LTCC-based HLDRs, which is obtained
by the following techniques:

(1) Reduce radiation loss by using quasi-lumped inter-
digital capacitor and high-impedance microstrip line,
especially in mm-wave band;

(2) Reduce dielectric loss by using smaller substrate due to
the miniaturized LTCC-based HLDR;

(3) Avoiding increasing the conductor loss causing by
inverse currents when miniaturizing the resonator.

For demonstration, the simulated resonant frequency
and quality factor are given in cases of different dimen-
sions of HLDR, as shown in Fig. 4. The circuit size of
LTCC-based HLDR is about 0.005x0.01 )\(2) in sub-6 GHz,
while 0.03x0.06 A% in mm-wave band. Compared with dis-
tributed resonators, significant size reduction is realized. Fur-
thermore, the resonant frequency and quality factor of HLDR
can be easily controlled by adjusting its structural parameters,
indicating large design flexibility remains to realize desired
resonant frequency and bandwidth. At last, the quality factor
increases rapidly with the operating frequency, therefore,
the proposed HLDR is quite suitable for low-loss mm-wave
bandpass filters.

Ill. DESIGN METHOD BASED ON FREQUENCY-VARIANT
IN-PHASE MIXED COUPLINGS
For HLDR filters, the mutual couplings are introduced
between adjacent resonators. Therefore, the widely used cou-
pling matrix method for distributed filters can be applied.
To improve selectivity and stopband suppression for BPFs,
the generation of transmission zeroes (TZs) is significant.
To realize TZs, one common method is adding bandstop
structures, such as open/shorted stubs [27], [28]. However,
the circuit size and insertion loss of bandpass filters would
increase if more TZs are desired.

VOLUME 7, 2019



G. Shen et al.: Compact Microwave and Millimeter-Wave Bandpass Filters

IEEE Access

(@)
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FIGURE 4. Topology of the proposed LTCC-based HLDR. Resonant
frequency and quality factor of HLDR against its dimensions.

(a) Sub-6 GHz HLDR. (Initial structural parameters: w, = 80, w; = 50, s;
=50, I} = 1200, I, = 400) (b) mm-wave HLDR. (Initial structural
parameters: w, = 50, ws = 50, sy = 50, /; = 500, I, = 250) (Unit: um).

For the filters without bandstop structures, the TZs can be
realized based on coupling matrix method, as listed in Table 3.
For the filter with in-line topology, no TZs can be realized [7].
By adding cross couplings, two TZs are generated for the
second-order [29], [30] or fourth-order filter [ 7]. Based on the
out-of-phase mixed couplings [31]-[33], one TZ is realized
for second-order filter, while two TZs are for the fourth-order
one. Generally, it was quite difficult to realize multiple TZs
for BPFs with simple structure.

In this paper, the coupling matrix method is improved
by introducing a new coupling mechanism. The frequency-
variant mixed couplings are investigated to realize multiple
TZs. Different from [31]-[33], the mixed couplings exist
in same coupling path; therefore, the electric and magnetic
couplings are in-phase, as illustrated in Fig. 5(a). By only
using a two-pole in-line topology, two controllable close-to-
passband TZs can be realized for high selectivity. By adjust-
ing the ratio of coupled and uncoupled lines in HLDR,
the number of generated TZs in the upper stopband is also
controllable.

A. REALIZATION OF TWO CLOSE-TO-PASSBAND TZS

As shown in Fig. 5(b), the electric coupling between adja-
cent microstrip lines is represented by a capacitance C,,
which is relevant to the coupled area and space of two TLs.
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TABLE 3. Coupled-resonator bandpass filters with different coupling
mechanisms (No bandstop structures).

Coupling . —
b || e Filter topology Response |Sx| | ¢1
Coupling —
imatrix method Second- 0 a
ith in-li | | 0
with in-line | order
topology [7]
Second- | ] ,
Coupling order @ """"" @
imatrix method| Source-load [29]-[30]
with cross
couplings | | e

(71, [29]-[30]

Fourth-| @-@-0-@
order ® ®

Coupling |Second-
matrix method| order T

with out-of- ove 1

phase mixed

couplings
[31]-[33]

Fourth- qﬁe_o‘-’c
order @ @

Coupling
matrix method|

with Second- H

order | | 2-6

proposed in-
phase mixed
couplings

Dash line: electric coupling; solid line: magnetic coupling.

For the magnetic coupling coefficient k,,, it increases with
larger ratio of coupled and uncoupled lengths of TL,
and smaller space. Moreover, the outer-resonator coupling
between ports and corresponding resonators is represented by
C,. Fig. 5(b) gives the LC equivalent circuit model of HLDR
bandpass filter.C, represents the electric coupling between
adjacent interdigital capacitors. Cg;/Cy is the coupling effect
between inductor/capacitor and ground, while L, represents
the inductance of feeding line.

For this design, the TZs are generated due to the cancel-
lation of the electric and magnetic couplings. For demon-
stration, the response of corresponding equivalent circuit is
given in Fig. 5(c). We may see that, the two close-to-passband
TZs are generated if C., C,., and k;,, are included in the
equivalent circuit. Moreover, the two TZs will not disappear
when removing the capacitors C,. or C,. However, no TZ
is realized if without both C. and C,. In addition, the left
transmission zero TZ can be mainly controlled by the capac-
itance C,, as verified in Fig. 6(a). As shown in Fig. 6(b),
the right transmission zero TZ, can be controlled by the
capacitance C,.
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FIGURE 5. Second-order HLDR bandpass filters. (a) Coupling mechanism.
(b) LC equivalent circuit. (c) Circuit simulations with or without TZs.
Circuit parameters: C; = 1130, C;; = 250, Cgc = 418, Cq = 10 (fF); Ly; =
0.37,L;, = 0.65, Lg = 1.15 (nH); km = 0.32.
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FIGURE 6. Controllable TZs and suppression level. (a) Controllable TZ,
against electric coupling between coupled inductors Ce. (b) Controllable
TZ, against electric coupling between adjacent capacitors Cc.

Meanwhile, the suppression level of HLDR bandpass filter
can be improved with smaller C, and C,, which can be
realized with the following solutions:

104802
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FIGURE 7. Proposed HLDR bandpass filter. (a) 3-D layouts.
(b) Controllable center frequency. (c) Controllable bandwidth.

(a) Reduce C, by enlarging the distance of adjacent inter-
digital capacitors;

(b) Reduce C, by decreasing the width w3 and length [,
of coupled lines, and increasing the gap s, between
adjacent coupled lines.

With the overall consideration of high stopband suppression
and high selectivity for passband, an alternative solution is
needed for HLDR bandpass filters.

Besides the newly introduced two TZs, the in-band per-
formance of HLDR bandpass filter is designed based on
coupling matrix theory [7]. First, a compact HLDR is
designed according to the analyses in Section II. Furthermore,
the bandpass design parameters can be calculated by

QOc1 = 2081/FBW Qe = g182/FBW
My, = FBW//g182 (6)

A 3-D layout of the proposed LTCC bandpass filter is
illustrated in Fig. 7(a). The external quality factors Q.1 and
Q.2 mainly depend on the length /¢ of feeding line and feeding
position fy. The coupling coefficient M, is related to the gap
s2 and length /11 of coupled lines.

In addition, the center frequency and bandwidth of HLDR
bandpass filters can be controlled flexibly. According to (2),
the resonant frequency mainly depends on the capacitance Cj
and inductance L; (L1 + L12%2). As illustrated in Fig. 7(b),
the center frequency can be controlled by adjusting the struc-
tural parameters of adopted capacitor and inductor. Further-
more, a flexible bandwidth from 9.7% to 24% (associated
insertion loss from —1.9 dB to —0.9 dB) can also be realized,
as observed in Fig. 7(c).
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FIGURE 8. Proposed sub-6 GHz HLDR bandpass filters (Circuit I).

(a) Simulated external quality factors. (b) Simulated coupling coefficients.
(c) EM and circuit simulations. Structural parameters: wy = 60, If = 1320,
sf =50, fy = 220, w = 100, wz = 50, s; =50, s, = 100, I" = 1250, Iz =
450 (um).

For experimental demonstration, a second-order bandpass
filter with f = 3.4 GHz and FBW = 22% is desired (Circuit
I). The capacitance C; is selected as 1130 fF, while induc-
tance L is chosen as 1.5 nH. Furthermore, the simulated Q,
and M1, can be extracted according to [7], as shown in Figs.
8(a)-(b). According to (4), Iy and f, are selected as 1320
um and 220 um, respectively, while s> is equal to 100 um,
and /11 is equal to 1250 um. The final structural parameters
of HLDR bandpass filter are given in Fig. 8. The circuit
size (not including GSG pad) is only 1.25x1.3x0.668 mm?>
(0.014x0.015x0.007 )%). The EM and circuit simulated
results are plotted in Fig. 8(c). We may see that center fre-
quency is located at 3.4 GHz with 3-dB fractional band-
width (FBW) of 22%, and the minimum insertion loss is
only —0.87 dB. Two close-to-passband TZs can be observed,
located at 2.82 and 4.48 GHz, respectively. However, the stop-
band rejection with 14 dB suppression till 15 GHz is not good
enough.

As shown in Fig. 8(c), a good agreement can be
observed between the EM and circuit simulations for in-band
responses. For the out-of-band responses, the LC equivalent
circuit cannot predict the TZs well. To address this issue, the
transmission-line equivalent circuit is further investigated for
the multiple TZs in the upper stopband.

B. REALIZATION OF MULTIPLE TZS WITH
FREQUENCY-VARIANT MIXED COUPLINGS
For second-order bandpass filters, it was quite difficult to
realize multiple TZs except adding the coupling paths or
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FIGURE 9. Second-order HLDR bandpass filter. (a) Transmission-line
equivalent circuit in Ansoft Designer (AD). (b) Circuit simulations against
lengths of coupled transmission line /c and uncoupled one ly¢ (unit: mm).

bandstop structures [27]-[30]. In [31]-[33], one or two TZs
were realized based on out-of-phase mixed couplings. In this
paper, the in-phase mixed couplings are investigated. Since
the electric and magnetic couplings are frequency-variant,
frequent cancellations can be realized for multiple TZs in the
upper stopband.

As the frequency rises to upper stopband, the strengths
of electric and magnetic couplings between HLDRs vary
dramatically. Therefore, the proposed LC equivalent circuit
is only valid for the in-band responses and two close-to-
passband TZs. To further investigate the filter performance
over a wide frequency range, the transmission-line equiv-
alent circuit model is utilized, as illustrated in Fig. 9(a).
As observed, each interdigital capacitor includes two
pairs of fingers. The lengths of coupled and uncou-
pled TLs of each HLDR are represented by [. and
(2x1,.), respectively, and the ratio r; is defined as
(0.5x1¢/lye).
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FIGURE 10. Explanation for the generation of TZs with mixed couplings.
(a) Simulated response of an example with six TZs. (b) Electric and
magnetic field intensities between adjacent HLDRs. (c) Electric and
magnetic field distributions at the frequency of the third TZ.

The coupling mechanism of HLDR bandpass filter was
introduced in Fig. 5. For the HLDR filter in Fig. 9(a),
the electric coupling is relevant to the length /. and space s>,
while the magnetic coupling increases with larger ratio r; and
smaller s;. Therefore, the strengths of electric and magnetic
couplings will change as the lengths /. and [, vary, causing a
different cancellation effect of the mixed couplings. As shown
in Fig. 9(b), when the ratios rl is equal to 29, only two TZs can
be observed at both sides of passband, resulting in 20 dB stop-
band suppression till 3.1fy (see the first figure in Fig. 9(b)).
When the ratio r; decreases to 0.31, another four TZs are
realized in the upper stopband, which significantly improves
the out-of-band performance (see the last figure in Fig. 9(b)).
Therefore, the number of TZs can be controlled from 2 to
6 for the second-order HLDR bandpass filter in Fig. 9(a).

For further explanation, six transmission zeroes are gen-
erated for an example of HLDR bandpass filter, as shown
in Fig. 10(a). The electric and magnetic field intensities
between adjacent HLDRs can be obtained by using field
calculator in HFSS, as illustrated in Fig. 10(b). As observed,
the magnetic field is quite large within the operating band,
while remains a low value over the stopband. In term of
electric field, four periodic variations can be observed from
5 GHz to 20 GHz. Therefore, four cancellations of the stable
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magnetic coupling and frequently varied electric coupling
are realized, resulting in four TZs in the upper stopband.
Therefore, the number of the generated TZs is controllable,
and increases with the number of periodic variations of elec-
tric field between adjacent HLDRs. As shown in Fig. 10(c),
the electric and magnetic field distributions are given at the
frequency of the third TZ. Both electric and magnetic fields
exist between HLDRs, which further demonstrate that the
third TZ is realized with the cancellation of mixed couplings.

In conclusion, multiple TZs can be realized for a second-
order in-line HLDR BPF by using frequency-variant mixed
couplings. The two close-to-passband TZs can be easily con-
trolled, while the number of generated TZs in the upper stop-
band is controllable. However, the bandwidth and insertion
loss of bandpass filter will decrease with smaller r;. In addi-
tion, aiming at compact size and low loss, no cross-couplings
and bandstop structures are employed. Therefore, the struc-
tural parameters corresponding to TZs are few. To this end,
only the number of generated TZs can be controlled, but not
for the positions.

C. DESIGN PROCEDURE OF HLDR BPF WITH MULTIPLE
1ZS

Compared coupling matrix method [7], the out-of-band per-
formance can be highly improved by using mixed couplings.
The overall design procedures for LTCC-based HLDR filters
can be summarized as follows:

step 1) Choose appropriate values for 3-D interdigital capac-
itor and microstrip section inductor according to fil-
ter specification. Reduce the circuit size and improve
quality factor of HLDR. For example, set the spaces
between adjacent fingers to 50 um in the same layer,
and 94 um in different layers, use the minimum line
width for microstrip lines;

step 2) Obtain the external quality factors Q, and coupling
coefficients M for HLDR bandpass filter according
to coupling matrix theory;

step 3) Reduce the electric coupling between adjacent
HLDRs to improve suppression level. Select appro-
priate lengths of coupled /. and uncoupled [, lines
to realize multiple TZs in the stopband;

step 4) Determine the feeding positions according to exter-
nal quality factor Q.. Determine the length and gap
of coupled lines with the overall consideration of
stopband performance and coupling coefficient M ;

step 5) Obtain the final layout and dimensions for HLDR
LTCC filter, and simulate the structure with
full-wave simulation software.

IV. MICROWAVE AND MILLIMETER-WAVE LTCC-BASED
HLDR BANDPASS FILTERS

In this section, one second-order S-band and one second-
order Ka-band LTCC bandpass filters are designed for
demonstration. Five TZs can be observed for the S-band filter
but with relatively large insertion loss. Aiming at low-loss
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FIGURE 11. Proposed S-band HLDR bandpass filter (Circuit I1). (a) 3-D
layouts. (b) 2-D layouts. Dimensions: f, = 94, wy = 60, sy = 50, w, = 50,
wsz =50, s; =60, s, = 140, lf = 350, l" = 1030, l|2 =520, 121 = 300, 122
= 560, ry = 145. (Unit: um) (c) Measured and simulated results.

mm-wave HLDR filter, only four TZs is realized for the Ka-
band filter.

A. S-BAND SECOND-ORDER HLDR BPF (CIRCUIT II)

The desired specification of second-order S-band bandpass
filter is given as follows:

Passband: 3.2-3.6 GHz;

In-band return loss (RL): < —20 dB;

Stopband: 20 dB suppression till 17 GHz (5/p).
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FIGURE 12. Proposed Ka-band HLDR bandpass filter (Circuit 11). (a) 3-D
layouts. (b) 2-D layouts. Dimensions: f, = 150, wy = 60, sf = 50, w, =
50, W3 = 50, S-| = 50, 52 = 50, If = 380, Ill = 330, I]z = 170, 121 = 180, ’22
= 250, ry = 145. (Unit: um) (c) Measured and simulated results.

According to the design procedure, the desired capaci-
tance C; and inductance L; of HLDR are selected as 1400 fF
and 1.7 nH, respectively. Furthermore, the design parameters
of the filter can be obtained according to (4): Q.1 = Q2 =
11.7, and M, = 0.089. With the overall consideration of the
following conditions:

(1) Inductances L1; + Li» x 2 = 1.7 nH;

(2) Large I, to realize small C, (coupling between adja-
cent capacitors) for at least 20 dB suppression level;

(3) Small ratio of I11/(l12 + o1 + [22) for enough TZs to
realize stopband suppression till 17 GHz;

(4) Appropriate length /11 to realize M1, = 0.089.

The lengths of the coupled and uncoupled inductors are
determined as /;; = 1030 um, I = 520 um, b =
300 um, and lr = 560 um. At last, the feeding position fy,
length /¢, and gap s> can be obtained based on the calculated
Q. and Mi,. Based on [7], the extracted Qe and k are
13 and 0.087, respectively. The final layouts of the proposed
S-band HLDR bandpass filter are given in Figs. 11(a) and (b),
as well as the structural parameters. The core circuit size
(not including G-S-G pad) is only 1.35x1.59x0.668 mm?>
(0.015x0.018x0.008 )»8).
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TABLE 4. Comparisons between the proposed HLDR bandpass filter and published sub-6 GHz bandpass filters.

Designs Filter Type Order C‘Eggzgrfg]‘;‘{;‘,cy I{‘Z‘S’;}iﬁ;‘ Num. of Ugﬂ;}i;‘;ﬁﬁ‘d Circuit Size/ Ao*
[34] oen | MSL 3 21/19 1.8 8 3 (-18 dB) 0.26%0.26x0.007
[35] SIW 3 3.7/6.7 -1.49 7 2.65/3 (20 dB) 0.24%0.5%0.012
[36] L 2 2.6/10.2% 247 3 4.1/ (28 dB) 0.017x0.015%0.017
191 2 24/11.5% 2,59 4 5.2/3 (-25 dB) 0.028x0.023%0.013
[37] LTcc | sw 4 3.45/8.6% 12 3 2.38/) (-19.8 dB) 0.2%0.16%0.009

Cirowit I* o L2 3.4/22.1% -0.87 4 4.4f (14 dB) 0.014x0.015%0.007

Cirouit IT 2 347/ 12.6% -1.90 5 5.13/(-20dB)  0.015x0.0180.008

The measured and simulated results of the proposed
LTCC bandpass filters are illustrated in Fig. 11(c). The
measured results show that center frequency is located at
3.47 GHz with 3-dB fractional bandwidth (FBW) of 12.6%,
the minimum insertion loss is —1.90 dB, and the return
loss is better than —23 dB with two poles in the passband.
Furthermore, five TZs can be observed in the stopband,
located at 2.99, 4.6, 9.45, 15, and 15.91 GHz, respectively.
With these TZs, a 20-dB stopband suppression is realized
till 5.13fp.

B. KA-BAND SECOND-ORDER HLDR BPF (CIRCUIT Ili)
The desired specification of the second-order Ka-band band-
pass filter is given as follows:

Passband: 32.5-37.5 GHz;

In-band return loss (RL): < —20 dB;

Stopband: 20-dB suppression till 70 GHz (2fy);

Minimum insertion loss: > —1 dB.

Compared with the S-band HLDR filter, we may see that
the desired stopband suppression of Ka-band filter is only up
to 70 GHz, but requesting lower insertion loss. As introduced
in Section III-B, the number of TZs should be reduced to
obtain the low-loss Ka-band filter. Similarly, the desired C;
can be obtained as 38 fF, while L; is 0.58 nH. According
to (4), Q1 = Qe = 10, and M» = 0.143. With the
overall consideration of insertion and stopband suppression,
the lengths /11,12,21,22 of coupled and uncoupled TLs can be
determined. According to the calculated O, and M2, the cou-
pling parameters fy, /s, and s, can be obtained. From [7],
the extracted O, and k are 11.8 and 0.134, respectively. The
final layouts of the proposed Ka-band HLDR bandpass filter
are given in Figs. 12(a) and (b), as well as its structural
parameters. The core circuit size is only 0.64x0.64x0.198
mm? (0.077x0.077x0.024 A3).

As shown in Fig. 12(c), the measured center frequency is
located at 36.35 GHz with 3-dB FBW of 15.7%, the minimum
insertion loss is —0.95 dB, and the return loss is better than
—21 dB with two poles within passband. Four TZs can be
observed from the simulated result, which can result in a
26-dB stopband suppression till 75 GHz. However, only two
TZs can be observed from the measured results due to the
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*Simulated results; MSL: microstrip line, STW: substrate integrated waveguide

@

(b)

FIGURE 13. Photographs of (a) fabricated LTCC bandpass filters, (b) test
platform with probe station.

frequency limitation of network analyzer and the adopted
probes in the measurement.

C. RESULTS AND DISCUSSIONS
The electromagnetic simulation was carried out by using
HESS, while the measurement was made with an Agilent
N5247A network analyzer. The photographs of fabricated
samples are given in Fig. 13(a), while the test platform is
shown in Fig. 13(b). Compared with the simulated results,
a 2%-4% frequency shift of measured responses can be
observed, which may be caused by fabrication tolerances
of diameters of sintered metallic vias. Besides frequency
shifts, the simulated/measured minimum insertion losses are
1.69/1.90, 0.85/0.95 dB for Circuits Il & III, respectively.
The additional 0.1-0.3 dB loss is attributed to the imperfect
surface roughness of fabricated metal layers.

Table 4 shows the comparison between proposed Circuits
1& II and several published sub-6 GHz filters. First, the pro-
posed HLDR bandpass filters are most compact, especially

VOLUME 7, 2019



G. Shen et al.: Compact Microwave and Millimeter-Wave Bandpass Filters

IEEE Access

TABLE 5. Comparisons between the proposed HLDR bandpass filter and published planar mm-wave bandpass filters.

. . Center Frequency  Insertion Num. Stopband Suppression o 3
Designs Filter Type Order Circuit Size/ Ao
g P (GHz) / FBW Loss/dB of TZs Lower (dB) Upper (dB)
[38] PCB SIW 3 35/3.7% -1.25 2 1.2f5 (-40) 0.81x0.93x0.05
[10] GaAs 2 60/25% -1.2 2 till 0.75/5 (-20) 1.43f; (-20) 0.1x0.08x0.02
MSL
[11] CMOS 1 33/9.1% -2.6 2 till DC (-20) 2.1f0 (-20)
91 MSL 2 60/6.6% -2.8 2 till DC (-32) 1.33/0 (-28) 0.41x0.18%0.034
[39] 4 27.95/9% -2.8 4 1.42f; (-20) 0.57x0.3x0.037
LTCC SIW
[40] 3 40/10.2% -1.42 2 1.25f0 (-25) 0.269%0.42%0.025
Circuit IIT HLDR 2 36.35/15.7% -0.95 4 till DC (-19) 2.1 f0 (-26) 0.077%0.077%0.02

the Circuit I, 65% size reduction is obtained over the cited
works. In addition, low insertion loss of —0.87 dB can be
realized for Circuit I. Compared with Circuit I, the stop-
band suppression is much improved for Circuit 11, but with
slightly enlarged circuit size and insertion loss. In summary,
Circuit II features compact size, low-loss, and wide stopband
suppression.

Table 5 gives the comparison between Circuit I1I and other
mm-wave bandpass filters. As observed, a very low insertion
loss of —0.95 dB is realized at 36.35 GHz, which is better than
the previously published filters with wider or narrower pass-
bands. In addition, 95% size reduction is realized compared
with cited LTCC mm-wave filters, and even smaller than
the on-chip filters using gallium arsenide (GaAs) technology.
At last, extended lower and upper stopband are realized for
the proposed Ka-band HLDR filter.

V. CONCLUSION

A novel type of LTCC bandpass filters is proposed in
this paper, featuring of low loss, very compact size, and
wide stopband suppression, especially in mm-wave bands.
First, an integrated design of lumped elements and dis-
tributed effects is realized, and the LTCC-based HLDR is
proposed accordingly. As an improvement to coupling matrix
method, the frequency-variant mixed couplings are investi-
gated, which enables an easy realization of multiple TZs.
For demonstration, two LTCC bandpass filters operating at
3.5 GHz and 36 GHz are designed and measured, respec-
tively. Significant size reduction is realized compared with
the cited works. The minimum insertion loss is only —0.95 dB
at 36 GHz while with good selectivity and extended stop-
band. Owing to the above good features, the proposed design
methodology can be applied for compact, low-loss, and
wide-stopband bandpass filters from microwave to mm-wave
bands.
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