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Abstract—1In this article, two types of substrate-integrated
defected ground structure (SIDGS) resonant cells with wide
upper stopband and low radiation loss are presented for filter
implementation. Such SIDGS resonant cells are composed of
two dissimilar DGSs surrounded by the bottom ground and
metal-vias, which cannot only introduce wide stopband with
low radiation loss but also be flexible for integration. Based on
the aforementioned SIDGS resonant cells, single- and dual-band
bandpass filters (BPFs) are designed and fabricated. The single-
band BPF centered at 2.40 GHz exhibits an ultrawide upper
stopband up to 19.7 GHz with a rejection level of 31 dB, whereas
the measured stopband total loss (i.e., including radiation, metal,
and substrate loss) remains about 30% up to 19.3 GHz. The dual-
band BPF operated at 2.10 and 3.78 GHz exhibits an ultrawide
upper stopband up to 17.8 GHz with a rejection level of 23 dB,
whereas the measured stopband total loss is less than 16% up
to 11.4 GHz.

Index Terms—Bandpass filter (BPF), dual-band filter, low
radiation loss, single-band filter, slow wave, substrate-integrated
defected ground structure (SIDGS), wide stopband.

I. INTRODUCTION

ITH the increasing development of modern wire-

less systems, electromagnetic interference (EMI) and
interference suppression become major challenges for circuit
designs [1]. As a crucial component in such systems, bandpass
filters (BPFs) with wide stopband [2] and low radiation loss
are urgently demanded. Meanwhile, recent developments of
miniaturized multistandard systems [3] require multiband BPF
that can be flexibly integrated [4], [S]. Therefore, to satisfy the
aforementioned requirements, the BPF should exhibit merits
of low radiation loss, wide stopband, multiband operation, and
flexibility of integration simultaneously.
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Fig. 1. (a) Field distributions on the DGS. (b) Field distributions on the DGS
with ground shield and metal-vias. (c) Field distributions on the SIDGS.
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Recently, multiple methods are introduced to implement
BPFs with good performance. The single-band [6]-[8] and
dual-band [9] substrate-integrated waveguide (SIW) filters
are proposed with good in-band performance and low radi-
ation loss. However, the stopband bandwidth of these filters
is limited. To extend the stopband bandwidth, the wiggly
line [10], compact microstrip resonant cell resonator [11],
parallel-coupled line [12], and periodically nonuniform cou-
pled microstrip line [13] are proposed for single-band design,
while the CPW-to-microstrip [14] and net-type resonators [15]
are proposed for dual-band design. Nevertheless, these struc-
tures either suffer from a high insertion loss or a low stopband
rejection level. To further extend the stopband bandwidth
with enhanced stopband rejection level, single- and dual-band
BPFs using stepped-impedance resonators (SIRs) [16]-[22]
and defected ground structure (DGS) cells [23]-[25] are
proposed. However, the radiation loss at stopband still remains
a great challenge. For example, as shown in Fig. 1(a),
the EM field of DGS is divergent and affected by adjacent
devices, which means that such DGS is not suitable for
system integration. Therefore, the flexibly integrated BPFs
with wide stopband and low radiation still need to be further
investigated.

As shown in Fig. 1(b), the DGS shielded by surround-
ing metal-vias and bottom ground II could confine most of
the EM field between the DGS and bottom ground. Then,
to further reduce the radiation loss, the substrate-integrated
DGS (SIDGS) is proposed [26], as shown in Fig. 1(c), where
the DGS is fully integrated into the substrate. Meanwhile,
the metal-vias connected to the upper layer could confine the
upward EM field in the substrate. Therefore, the radiation
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Fig. 2. Configurations of the proposed SIDGS resonant cells. (a) Layer
schematic. (b) Type-A SIDGS cell. (c) Type-B SIDGS cell.

loss is suppressed and the proposed SIDGS resonant cells can
be integrated into wireless system without suffering from the
performance degeneration caused by the influence from nearby
circuits. Then, two types of SIDGS resonant cells are proposed
for BPF designs. Each SIDGS resonant cell can introduce an
ultrawide stopband with high stopband rejection level. Based
on such SIDGS cells, two compact BPFs with single- and dual-
band operations are designed and fabricated, respectively. The
measured results exhibit merits of low radiation loss, wide
stopband with high rejection level, and low insertion loss.

In [26], a single-band BPF using SIDGS is designed and
fabricated. Following the previous SIDGS BPF design, this
article expands the detailed theoretical analysis of SIDGS cells
for filter design, including resonance, spurious suppression,
and radiation suppression. Meanwhile, a new dual-band BPF
using SIDGS is proposed and the related design method is
discussed. In Section II, the detailed analysis of the proposed
two types of SIDGS resonant cells is presented including
resonance, spurious suppression, and radiation suppression.
Section III demonstrates the coupled schemes of two types
of SIDGS resonant cells. After that, Section IV presents the
design examples of single- and dual-band BPFs based on
SIDGS resonant cells. Finally, a brief conclusion is given
in Section V.

II. SUBSTRATE-INTEGRATED DEFECTED
GROUND STRUCTURE

Fig. 1(a) shows the E-field and H-field distributions of a
conventional DGS, where the EM field is not constrained,
which results in a large radiation loss [27]. Then, to decrease
the radiation loss, the surrounding metal-vias and bottom
ground II can be utilized and integrated with DGS structures.
As shown in Fig. 1(c), the EM field is mostly confined in
the substrate, which effectively minimizes the radiation loss.
Based on the basic concept of SIDGS mentioned earlier, two
types of SIDGS resonant cells (i.e., type-A and type-B) are
proposed, as shown in Fig. 2, which are employed for single-
and dual-band filter implementations with specific coupling
schemes. Both SIDGS resonant cells are composed of two
stepped-impedance DGSs, which are surrounded by the bottom
ground and metal-vias. To fulfill the coupling scheme for a
resonator-coupled filter, the coupling side of the cell could
not locate metal-vias. Note that the physical size of these
DGSs cannot meet the theoretical definition of slotline [27]
(i.e., W<0.254y//e;, W/h<1, and b<TW, where W is the
width of the slot, b is the width of the metallization, and
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Fig. 3. (a) Configurations of resonators Rl and R2 in type-A SIDGS cell.
(b) Simplified equivalent circuits of R1 and R2. (¢) Coupling scheme and
feeding scheme of R1 and R2.

h is the thickness of the substrate). The stepped-impedance
microstrip is introduced as the feed line in each cell.
To further investigate the mechanism of proposed SIDGS res-
onant cells, the dielectric substrate RO4003C (i.e., ¢, = 3.55,
h1 = 0.203 mm, and &y = 0.303 mm) and EM simulator
HFSS are used.

A. Resonance

It is known that the etched defect in a DGS disturbs the
current distribution on the ground [28], which implies that the
DGSs integrated with the surrounding ground and metal-vias
in each cell possess their own resonant frequencies.

Fig. 3(a) and (b) shows the configurations and equivalent
circuits of two SIDGS resonators (i.e., R1 and R2) in the
type-A SIDGS cell. Then, the input admittances of two res-
onators (i.e., Y41 and Y4») are derived as follows:

Zi| + jZtan 6y
Yar = - (1)
Z1(Za + jZi1tanby)

_ Z>1 + jZptan Oy
Z21(Zp + jZy1tanOyy)

where Z4 and Zp are the input impedances defined
in Fig. 3(b). The detailed derivations are presented in the
Appendix. The resonant frequencies (i.e., fj; and fiz) of
these two separate resonators are obtained under the cases of
Y41 = 0 and Y42 = 0, respectively. Here, the microstrip line
source and load ports (i.e., ports 1 and 2) are introduced to
extract the resonant characteristics of type-A SIDGS cell, and
the coupling scheme of the resonators is shown in Fig. 3(c).
The resonant frequencies of the cell f,1, fp2 are derived as
follows [29]:

)

Ya2

f1_12 + f1_22 + \/(f1_12 + f1_22)2 + 4’"%161_12161_22
2f1712f1722(1 - m%)

foip2 =

3)

where m is the coupling coefficient of these two resonators
obtained by simulation [29] and fi; and f» are the resonant
frequencies of separated SIDGS resonators. Fig. 4(a) and (b)
shows the calculated and simulated resonant frequencies
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Fig. 4. (a) Effect of s11 on the resonant frequencies of the type-A SIDGS
cell. (b) Effect of /13 on the resonant frequencies of the type-A SIDGS cell.
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Fig. 5. (a) Configurations of resonators R1’ and R2’ in type-B SIDGS cell.
(b) Simplified equivalent circuits of R1” and R2’. (c) Coupling scheme and
feeding scheme of R1” and R2'.

fp1 and fpo with the variation of s1; and /13, respectively.
The electrical length and characteristic impedance of the
SIDGS resonators can be extracted by full-wave simulation.
Good agreement between the calculation and the simulation is
achieved.

Fig. 5(a) and (b) shows the configurations and equivalent
circuits of two SIDGS resonators (i.e., R1’ and R2') of
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type-B SIDGS cell. Then, the input admittances of two res-
onators (i.e., Y1 and Yp») are derived in (4) and (5) [as shown
at the bottom of the page] as follows:
_ Z31+ jZctanbs
Z31(Zc + jZz tan 631)
where Zc and Zp are the input impedances defined
in Fig. 4(b). The Appendix presents the detailed derivations.
Yg1 = 0 and Ypr = 0 are the resonant conditions for these
two separate resonators. To discuss the resonant characteristics
of type-B SIDGS cell, the coupling scheme of the resonators
is shown in Fig. 5(c). Note that the peninsula topology
cannot only generate dual resonance but also introduce a deep
transmission zero between two resonances [30], [31]. The

resonant frequencies of the whole SIDGS resonant cell at f;;
and fy, are defined as [25]

My £ /M? — 4M3
Jar.az = 7 (6)

where M| and M, are expressed as

“)

Yp1

m3 fo1 f2 o
y21722
My = f3 f5- (8)

Note that f>; and f>> are the resonant frequencies of the
separate SIDGS resonators. y2; and y2p are the parameters
that define the transformations of two resonators [30]. m2
is the coupling coefficient between these two resonators.
Fig. 6(a) and (b) shows the calculated and simulated resonant
frequencies of type-B SIDGS cell under different dimensions
(i.e., Ip and s, = s23 + s24), respectively. fy1 and fyo are
decreasing as the increasing of /2> and s,,. The results between
calculation and simulation agree well.

My = f3+ f5+

B. Spurious Suppression

To discuss the harmonic shifting, a simplified capacitively
loaded slow-wave transmission line will be discussed first,
as shown in Fig. 7(a). By using the ABCD matrix [32],
the characteristic equations of the circuit are expressed as
follows:

1
27 foC1 — 27 foCa cosby0 = 7z sin 0,0 )
a
1
27 f1Cy 4+ 27 f1Cr cos b, = —z sin G,

a

(10)

1
cos(fd) = cosO, — Ew(Cl + C2)Z,sinf,
(11)

where Z, and 6, are the characteristic impedance and the
electric length of the unloaded transmission line, respectively,
fo is the fundamental resonant frequency, fi is the first
spurious resonant frequency, and f is the propagation constant

1 Zy(Zyp+ jZptanOp) + jZyptan 041 (Zp + jZ4z tan Og2)

Ypr = ——

Za(Zp + jZstanOp) + jZa1 tan 041 (Zaz + j Zp tan Os)

)
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Fig. 6. (a) Effect of I on the resonant frequencies of the type-B SIDGS
cell. (b) Effect of s, on the resonant frequencies of the type-B SIDGS cell.
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Fig. 7. (a) Simplified capacitively loaded slow-wave circuit. (b) Capacitor

distribution of type-A cell. (c) Capacitor distribution of type-B cell. (d) Input
impedance of the capacitively loaded slow-wave circuit under the case of
C1 = 1 pE (e) Calculated ratio of the spurious resonant frequency to the
fundamental one for different capacitance loading.

of the loaded transmission line. Fig. 7(d) plots the input
impedance of the capacitively loaded slow-wave circuit under
the case of C; = 1 pF and an ideal transmission line (100-Q
characteristic impedance and 180° electrical length at 8 GHz).
Meanwhile, the calculated ratios of the spurious resonant
frequency to the fundamental one for different capacitance
loading are presented in Fig. 7(e). It implies that the ratio is
increased with the loading capacitance increasing, indicating
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Fig. 8. (a) Simulated frequency responses of the type-A SIDGS cell with
weak-coupling feed line and strong-coupling stepped-impedance feed line.
(b) Simulated frequency responses of the type-B SIDGS cell with weak-
coupling feed line and strong-coupling stepped-impedance feed line. (c) Effect
of the dimension /16 on fj1/fp1. (d) Effect of the dimension w7 on fu1/fp1.
(e) Effect of the dimension sy5 on fpo/fp2. (f) Effect of the dimension
ha on fpol fpa-

the slow-wave effect [32]. Fig. 7(b) and (c) shows the capacitor
distribution (i.e., C1, Ca, C1’, and C3') [33] of two types of
the SIDGS cells. Note that the integrated ground II could
further increase the effective capacitance in each capacitor
area. Thus, the slow-wave model in Fig. 7(a) is used to explain
wide stopband characteristics of the cells. To verify the slow-
wave effect, the simulated transmission responses in the weak-
coupled feeding scheme are presented in Fig. 8(a) and (b). The
ratios of the spurious resonant frequency to the fundamental
one fu1/fp1 with different capacitors’ dimensions in type-A
cell are plotted in Fig. 8(c) and (d), whereas the ratios of
type-B cell (i.e., fn2/fp2) are plotted in Fig. 8(e) and (f).
Note that the wider metal pad with smaller DGS width could
generate a larger effective capacitance. Therefore, the increas-
ing of /1¢ and w17 means a larger effective capacitance in
C1 and C,. Then, the value of fj1/f,1 is enhanced and a
wider stopband performance in the type-A cell is achieved.
Meanwhile, the increasing of sps and lp4 means a larger
effective capacitance in C1’ and C,’. Therefore, the value of
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Fig. 9. (a) Configuration of five cases of the cells. (b) Radiation rate R,; of
the type-A cell in five cases under the condition of lossless substrate and metal.
(c) Radiation rate R, of the type-B cell in five cases under the condition of
lossless substrate and metal. (d) Simulated E-field of the substrate between
ground I and ground II at stopband (i.e., 8 GHz) in the type-A SIDGS cell.
(e) Simulated E-field of the substrate between grounds I and II at stopband
(i.e., 8 GHz) in the type-B SIDGS cell.

fn2! fp2 is enhanced and a wider stopband performance in the
type-B cell is achieved.

In addition, the stepped-impedance feed line is used in the
strong-coupling feeding scheme of two types of the SIDGS
cells to enhance the stopband rejection level at higher fre-
quency. The external quality factors of the cells in the strong-
coupling feeding scheme are decreased compared with the
weak-coupling feeding scheme [29]. Note that too large or
too small external quality factor could increase mismatch and
reduce the resonant strength of the coupled resonators in filter
design [29]. As shown in Fig. 8(a) and (b), the larger external
quality factor increases the mismatch at the fundamental res-
onant frequency in the weak-coupling feeding scheme. Thus,
the decreasing of the external quality factor could decrease
the mismatch and increase the fundamental resonant strength.
Meanwhile, the smaller external quality factor increases the
mismatch at the spurious resonant frequency in the weak-
coupling feeding scheme. Thus, the decreasing of the external
quality factor could further increase the mismatch and decrease
the spurious resonant strength. As a result, the spurious sup-
pression at higher frequency is improved by using the strong
coupling stepped-impedance feed line.

C. Radiation Suppression

The radiation suppression of the SIDGS cells could
be discussed in the following three parts with five cases
(i.e., case A-E) shown in Fig. 9(a).
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1) Shield Ground II: Compared with the conventional DGS,
ground II is an additional boundary condition in the SIDGS.
Such a boundary condition can restrict the E-field and H -field
between the two conductors, which decreases the radiation
loss of the structure. To verify the function of ground II,
radiation loss rates (i.e., R,1 and R,7) of the type-A and type-B
cells without ground II and metal-vias (i.e., case A) and with
ground IT and without metal-vias (i.e., case B) are simulated
under the case of lossless substrate and metal, as shown as
the blue and red dashed curves in Fig. 9(b) and (c). R, is
calculated by

Ry =1—1[S1|*—|Sul* (12)

Note that compared with case A, the radiation in case B is
decreased by the shield ground II.

2) Surrounding Metal-Vias: Even though the shield
ground II is introduced, the conductor-backed DGS will
also radiate at high frequency due to the wave leaking
from the edge of the two conductors [34]. Then, the metal-
vias surrounding the conductor-backed DGS are proposed.
Note that the metal-vias guarantee the middle metal layer
grounded. Thus, unwanted outward-traveling TEM waves
between the middle metal layer and the bottom metal layer in
conductor-backed DGS [34] are decreased, which further min-
imizes the radiation. Meanwhile, two adjacent metal-vias with
grounds I and II connected can be regarded as a rectangular
waveguide. The cutoff frequency of a rectangular waveguide
can be expressed as follows [35]:

1

f cl0 = 2 \/ﬁ
where a is the distance between two metal-vias. Thus, for
f < fei0, the E-field and H-field will be blocked, which
further reduces the radiation loss of the structure. To ver-
ify the function of metal-vias, the radiation loss rates of
the type-A and type-B cells with ground II and metal-vias
(hy = 0.203 mm and 4, = 0.303 mm) (i.e., case C) are shown
as the black solid curves in Fig. 9(b) and (c). Compared with
cases A and B, the radiation in case C is further reduced by
the metal-vias.

3) Substrate Thickness of the SIDGS: It is known that
a surface wave is a propagating mode guided by the air—
dielectric surface for a dielectric substrate on the conductor
ground plane [29, p. 82]. With the increase of the substrate
thickness, the surface wave is easier to propagate, which will
cause high radiation. Considering the fabrication limitation,
two relatively thin substrates are chosen to decrease the
radiation in the implementation of the SIDGS cells. To verify
the effect of the substrate thickness, radiation loss rates of
the type-A and type-B cells with ground II and metal-vias
(h1 = 1 mm and Ay = 0.303 mm) (i.e., case D) and with
ground II and metal-vias (2] = 0.203 mm and 4> = 1 mm)
(i.e., case E) are presented as the green and purple dash curves
in Fig. 9(b) and (c). Note that for two tiers of substrates,
the thickness of the upper substrate has a greater influence
on the radiation since the upper substrate has a larger surface
contacted with air, which is easier to propagate the surface
wave.

13)
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To investigate the radiation characteristics of SIDGS reso-
nant cells, the EM-simulated E-field of the substrate between
grounds I and II in two types of cells under case C at
stopband is shown in Fig. 9(d) and (e). Note that the E-field
is concentrated near the DGS in the substrate. Most E-field is
confined in the substrate by using metal-vias and surrounding
ground.

IITI. SIDGS RESONANT CELLS WITH
QUASI-COUPLED SCHEMES

Two identical SIDGS resonant cells can be utilized to design
a coupled filter, and each SIDGS resonant cell is constituted
of two dissimilar SIDGS resonators. First, to illustrate the
coupling characteristics of SIDGS, the field distributions of
the DGS line resonator at fundamental resonance are shown
in Fig. 10. Note that each of the DGS line resonators has
the maximum electric field density and the minimal magnetic
field density at the middle of the line. Meanwhile, it has the
maximum magnetic field density and the minimal electric field
density at the end of the line [27]. The field distribution could
be verified by simulation. By properly adjusting the physical
dimension and the configuration of the coupled SIDGS res-
onators, the magnetic coupling and electric coupling can be
obtained for filter design. Then, the coupling coefficient k;; of
the asynchronous SIDGS resonant cells can be extracted by
the following equation:

2 2 2 2 2 \2
i = 1 (fOi n f()j) Tpiai = Fpj.aj Joi = 1o;
= (L Sy Jpidi Ipjdj ) [ J0i J0j
P2\ fo Foiait Foiai Toi+ s

(14)

where fo; and fp; are the resonant frequencies of the dissim-
ilar SIDGS resonators and fp;4; and f); 4; are the resonant
frequencies of two resonators under the coupled conditions in
type-A and type-B SIDGS resonant cells, respectively. Here,
the two resonant frequencies of these SIDGS resonators are
set to be equal, and thus, (14) could be simplified as [29]

2 2
fpi,di - fpj,dj

2 2
Spiaj + Tpidi
Fig. 11 shows the configuration of the coupling scheme and
the coupling-node diagram of two type-A SIDGS cells. Then,
the couplings of these coupled cells could be concluded in
six parts: 1) broadside coupling kp3 between R2 and R3;

2) embedded couplings between R1 and R2 (i.e., ki)
and R3 and R4 (i.e., k34); 3) cross coupling ki4 between

kij = (15)

—Strong coupling
---Weak coupling
———

(b

Fig. 11. (a) Configuration of two coupled type-A SIDGS cells. (b) Coupling
scheme of two type-A SIDGS resonant cells.
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Fig. 12. (a) Effect of the dimension w4 on the coupling coefficients k12
and k34. (b) Effect of the dimension wje on the coupling coefficient k3.
(c) Effect of the dimension /;; on the external quality factor Q. (d) Effect of
the dimension /,,; on the external quality factor Q.

R1 and R4; 4) coupling kg; and k47 between microstrip feed
line and R1 or R4, respectively; 5) tiny couplings between
microstrip feed line and R2 or R3; and 6) diagonal couplings
including k13 and k4. Note that the strong couplings, such as
k12, kp3, and k34, are mainly generated at the middle of the
DGS line resonators, which are dominated by the electric field.
The cross coupling of R1 and R4 is mainly produced at the
end of the DGS, which is dominated by magnetic field. In this
design, the electrical coupling is regarded as positive coupling
and the magnetic coupling is regarded as negative coupling.
The main couplings k12, k34, and ko3 are simulated and shown
in Fig. 12(a) and (b). The coupling coefficients k12, k34, and
k3 are increasing with the decreasing widths of the gaps
(i.e., w14 and w1e). Meanwhile, Fig. 12(c) and (d) shows that
the external quality factor Q is decreasing with the increase
of I;1 or [y1.

Fig. 13 shows the configuration of the coupling scheme and
the coupling-node diagram of type-B SIDGS cell. Different
from the coupling scheme of type-A SIDGS cells, k)5 is
weak coupling, whereas k', is strong coupling in the coupling
scheme of type-B SIDGS cells. Note that the strong couplings,
such as k{,, kj,, and k%, are mainly generated at the end of
the DGS line resonators, which are dominated by the magnetic
field. The cross coupling of R2” and R3’ is mainly produced at
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—Strong coupling
—---Weak coupling

(b)

Fig. 13. (a) Configuration of two coupled type-B SIDGS cells. (b) Coupling
scheme of two type-B SIDGS resonant cells.
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Fig. 14. (a) Effect of the dimension wyy on the coupling coefficients kiz
and k%4. (b) Effect of the dimension wp3 on the coupling coefficient k|,.
(c) Effect of the dimension /;» on the external quality factor Q'. (d) Effect
of the dimension /,» on the external quality factor Q’.

the middle of the DGS, which is dominated by electric field.
In this design, the magnetic coupling is regarded as positive
coupling and the electric coupling is regarded as negative
coupling. The main couplings k},, k3, and k{, are simulated
and shown in Fig. 14(a) and (b). The coupling coefficients
ki, k4, and k', are increasing with the decreasing widths of
the gaps (i.e., wyy and w»y3). Meanwhile, Fig. 14(c) and (d)
shows that the external quality factor Q' is decreasing with
the increasing of /2 or [.

IV. DESIGN EXAMPLE

To verify the aforementioned principle, a single-band BPF
and a dual-band BPF with wide upper stopband and low
radiation loss are presented and fabricated. The dielectric
substrate RO4003C (i.e., &, = 3.55, h; = 0.203 mm, and
hy = 0.303 mm) is utilized for the manufacturing.

A. Single-Band BPF Design

Based on the type-A SIDGS cell, a prototype of a four-order
single-band BPF is proposed, as shown in Fig. 15. Two type-A
SIDGS cells are coupled using a symmetric coupled scheme.
Then, the BPF is implemented with specifications as follows:
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() W)

Fig. 15. Configuration of the single-band BPF. (a) Top view. (b) Details of
the middle layer.

center frequency of 2.4 GHz, 3-dB FBW = 25.0%, 20-dB
return loss, and two transmission zeros at 1.0 and 3.6 GHz
close to passband introduced by cross coupling to enhance
passband selectivity. The optimized coupling matrix [M] can
be exhibited as follows [36]:

0 0.9651 0.0101 0 0 0
0.9651 0 0.6342 0.0290 —-0.0135 0
0.0101  0.6342 0 0.4564 0.0290 0

0 0.0290  0.4564 0 0.6342  0.0101

0 —0.0135 0.0290 0.6342 0 0.9651

0 0 0 0.0101  0.9651 0

(16)

Compared with the traditional design using coupling matrix,
the fractional bandwidth of 25% is larger. Since the wideband
definition in cases [37]-[40] is larger than 40%, 25% is
considered as the edge between wideband and narrowband.
Thus, the coupling matrix is used as a reference for filter
design. To achieve the filter with high agreement with the
design specification, the physical dimensions of the filters
could be optimized at the later stage. The center frequency
is determined by the physical dimensions of the type-A
SIDGS cell. Note that coupling coefficients k;; and Q can
be derived as

kij = FBW x M;; (17)
1

= 18

o FBW x M}, (%)

Thus, the corresponding main coupling coefficients and exter-
nal quality factor can be obtained from the investigation
mentioned earlier. With proper dimensions of the type-A
SIDGS cells and optimized coupling relationships, the single-
band SIDGS BPF is designed. The theoretical S-parameters
calculated by coupling matrix and the lossless simulation
result are shown in Fig. 16, which exhibits a fairly fine
agreement. Then, a single-band BPF is fabricated, as shown
in Fig. 17. Besides, radiation/conductor/dielectric loss rates of
the BPF are simulated and calculated, as shown in Fig. 18.
The radiation loss is simulated under the case of lossless
metal and substrate (i.e., Sii,, S21,). The radiation loss L,

is calculated as
Ly =1—1S11,* = [Sa1r. (19)

The conductor loss L. and dielectric loss L, can be calculated
under the cases of lossless dielectric (i.e., Siic and S»>i.) or
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Fig. 16.
band BPF.

Lossless simulated and synthesized |Sy1| and |S2]| of the single-

Fig. 17. Photograph of the proposed single-band BPF. (a) Top view.
(b) Bottom view. [1] = 4.6, [} = 4.11, l13 = 3.75, l14 = 3.93, [;5 = 3.15,
di; = 0.2, djp = 0.2, di3 = 0.15, di4 = 0.17, d15 = 0.17, w1 = 0.17,
w1y = 0.1, w3 = 2.25, w4 = 0.22, w15 = 0.1, w1 = 0.5, 511 = 6.9,
s12 = 5.07, s13 = 7.52, s14 = 1.55, 515 = 1.7, 516 = 4.49, w;; = 2.4, and
l;1 = 3.28, unit: mm.

lossless metal (i.e., S114 and S214), respectively. L, and Ly
can be derived as

Lea =1—1|S11cal* — 1S21cal* — Ly (20)

The calculated radiation loss under the case of lossless
substrate and metal is less than 13% up to 20 GHz.

The simulated and measured results of S-parameters are
shown in Fig. 19. The Agilent 5230A network analyzer is used
to measure. The center frequency of the BPF is 2.4 GHz with
the 3-dB FBW of 24%. The minimum in-band insertion loss
is 1.62 dB. Meanwhile, the stopband is up to 19.7 GHz with
a rejection level higher than 31 dB. The measured stopband
total loss is less than 30% up to 19 GHz except a high
loss point at 14.1 GHz, as shown in Fig. 18. The simulated
loss is solved under the case of the complete filter structure
without the connectors. Note that the radiation at 14.1 GHz
(i.e., green dashed line) in Fig. 18 is mainly allocated at
the feed line surrounded by the metal-vias at the side of
the filter. Meanwhile, with the implementation of connectors
for test, the feed line is longer, while the EM fields of the
ground at the side are affected. Thus, the radiation around
14.1 GHz (i.e., black solid line) in measurement further

100 T T T T T . . T -
90 Total Loss Rate (measured) i
—==— Total Loss Rate (simulated)

80 | —-— Conductor Loss Rate 1
;\'e‘ 70 || —=— Dielectric Loss Rate 1
<~ — - Radiation Loss Rate
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20 - A 3

A i

i

0 el SEmmneniinini, = —= ~cpmzl ')F o
0 2 4 6 8§ 10 12 14 16 18 20
Frequency (GHz)

Fig. 18. Measured/simulated total loss rates and calculated radia-
tion/conductor/dielectric loss rates of the single-band BPF.
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Fig. 19. Measured and simulated results of the proposed single-band BPF.

Fig. 20. Configuration of the dual-band BPF. (a) Top view. (b) Details of
the middle layer.

increases. In addition, the core circuit size of the BPF is
123 mm x 12.2 mm (i.e., 0.16 Az x 0.16 1,, where A, is
the microstrip guided wavelength at the center frequency
of 2.4 GHz). Note that the feed line is shorter compared
to the previous work [26], which improves the performance.
A comparison of the single-band filter with the state of the
arts is shown in Table I, which reveals that the proposed filter
has merits of wide upper stopband, low radiation loss, and
compact size.
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TABLE I

COMPARISON OF STATE-OF-THE-ART SINGLE-BAND FILTERS
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Ref. [8] [18] [19] [20] [24] This Work
Technology SIW Microstrip Microstrip Microstrip DGS SIDGS
fo (GHz) 4.83 0.9 2.45 1.5 2.48 2.4
IL* (dB) 1.2 1.7 3.0 2.52 1.08 1.62
FBW (%) 1.4 21 6.0 8.9 10.8 24.6
Stopband Rejection|>15 dB up to 1.3 fo|[>40 dB up to 7.4 fo|>30 dB up to 5.3 fy|>23.7 dB up to 10.6fo|>30 dB up to 12fo| >31 dB up to 8.2 fp
- . Medium Low
A
Radiation Loss Low N/A Low High 30% at 14 GHz |<13% up to 20 GHz
Up to 6.1 GHz®® Up to 13.8 GHz®® Up to 4 GHz®® Up to 14 GHz®® | Up to 19.3 GHz®°°®
Total Loss®(<30% N/A
ol Loss™ (30 7 (14 fo) ! (5.6f0) 27fo) (5:6f0) (8fo)
Unloaded Q 228 120 N/A N/A N/A 99/101
s 0.0192 (A\2) 0.1122 (A\2) 0.0256 (\2)
2 2 2
Core Circuit Size 1000 mm 46 mm 90 mm 777 mmzq 347 mm2q 150 mm2q

*: Insertion loss. 2: Calculated radiation loss under case of lossless substrate and metal.
©: Measured stopband total loss including radiation, metal, and substrate loss. ®©: Estimated from the paper. ®°°: Except a high loss point at 14.1 GHz.
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Frequency (GHz)
Fig. 21. Lossless simulated and synthesized |S1| and |S71| of the dual-band

BPE.

B. Dual-Band BPF Design

A prototype of a two-order dual-band BPF is proposed
based on the type-B SIDGS cell, as shown in Fig. 20.
Then, the BPF is implemented with specifications as follows:
lower center frequency of 2.0 GHz, 3-dB FBW = 26.0%,
15-dB return loss and upper center frequency of 3.55 GHz,
3-dB FBW = 15.4%, and 15-dB return loss. The optimized

(b)

coupling matrix [M,] can be exhibited as follows [36]:

0 0.6533  0.0201 0 0
0.6533 0 0.7090  0.0401 0.4598
0.0201 0.7090 0 —0.0050 0.0401

0 0.0401 —0.0050 0 0.7090

0 0.4598 0.0401  0.7090 0

0 0 0 0.0201  0.6533

Here, the center frequencies are determined by the physical
dimensions of the type-B SIDGS cell. The theoretical S-
parameters calculated by the coupling matrix and the lossless
simulation result are shown in Fig. 21. Then, a dual-band
BPF is fabricated, as shown in Fig. 22. Besides, radiation/
conductor/dielectric loss rates of the BPF are simulated and
calculated, as shown in Fig. 23. The calculated radiation loss

0

0

0
0.0201
0.6533

0

21

Fig. 22. Photograph of the proposed dual-band BPF. (a) Top view. (b) Bottom
view. lp1 = 5.1, by = 2, by = 4.9, do1 = 0.2, dyp = 0.2, dp3 = 0.35,
dys = 0.4, drs = 0.5, dag 1.2, wy1 = 0.1, wyy = 0.32, wy3 = 0.7,
wyq = 0.5, so1 = 11, 590 = 4.3, 503 = 2.1, sp4 = 2.38, wyp = 2.5, and
l;p = 3.68, unit: mm.
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Fig. 23. Measured/simulated total loss rates and calculated radiation/
conductor/dielectric loss rates of the dual-band BPF.

under the case of lossless substrate and metal is less than 12%
up to 16.7 GHz.

The simulated and measured results of S-parameters are
shown in Fig. 24. The center frequency of lower passband
is 2.1 GHz with 3-dB FBW of 25.2% and the minimum
in-band insertion loss of 0.95 dB. The center frequency of
upper passband is 3.78 GHz with 3-dB FBW of 12.7% and
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TABLE 11
COMPARISON OF STATE-OF-THE-ART DUAL-BAND FILTERS

Ref. [9] [14] [21] [22] [25] This Work
Technology SIW  |CPW to microstrip Microstrip Microstrip DGS SIDGS
f1/f2 (GHz) 2.4/5.0 1.53/2.16 2.4/5.2 2.4/6 3.16/3.90 2.10/3.78
IL* (dB) 1.47/1.01 0.8/1.8 2.27/2.88 1.85/2.98 1.87/1.67 0.95/1.39
FBW (%) 1/1 10.6/3.6 10.6/6 5/4.7 8.5/7.2 25.2/12.7
Stopband Rejection|  N/A N/A >32.2 dB up to 3.75f1|>30 dB up to 8.3f1|>30 dB up to 12.6f1| >23 dB up to 8.5f;
o . . . Low
A
Radiation Loss Low N/A High High High <12% up to 16.7 GHz
Up to 5.7 GHz®® Up to 8.3 GHz®® Up to 11 GHz®® Up to 11.5 GHz
Total Loss®(<16% N/A N/A
otal Loss™(<16%) 24f1) (3:5/1) (35f1) (5:5f1)
Unloaded Q >1000 108/137 N/A N/A N/A 95/129
o 0.0820 (\2) 0.0169 (\2)
2 2
Core Circuit Size |6451 mm 0.0625 (Ag) N/A N/A 263 mmg" 150 mmg

L oL
S <@

1
w
<

[Su| & |S21| (dB)
i
)

-60

=70 B —— Measurement
5 === Simulation
-80 I i 1
0 2 4 6 8§ 10 12 14 16 18 20
Frequency (GHz)

Fig. 24. Measured and simulated results of the proposed dual-band BPF.

the minimum in-band insertion loss of 1.39 dB. Moreover,
the stopband with a rejection level higher than 23 dB is up
to 17.8 GHz. Furthermore, Fig. 23 shows that the measured
stopband total loss is less than 16% up to 11.5 GHz. The
operation of the radiation at 11.8 GHz in Fig. 23 is similar
to the effect of 14.1 GHz in Fig. 18. The core circuit size
of the BPF is 12.3 mm x 12.2 mm (ie., 0.13 1, x 0.13
Ag, where Ag is the microstrip guided wavelength at the
lower passband center frequency of 2.1 GHz). The difference

: Insertion loss. ©: Calculated radiation loss under case of lossless substrate and metal.
: Measured stopband total loss including radiation, metal, and substrate loss. ©°: Estimated from the paper.

between the measured and simulated results is mainly caused
by the fabrication errors. A comparison of the dual-band filter
with the state of the arts is shown in Table II. It reveals that
this filter has merits of wide upper stopband, low radiation
loss, compact size, and low insertion loss.

V. CONCLUSION

In this article, two types of SIDGS resonant cells with
different transmission responses are proposed. Both cells
can not only introduce an ultrawide stopband bandwidth
due to the strong slow-wave effect but also suppress their
radiation loss in a wide range by their instinct structural
superiority. Based on the proposed SIDGS resonant cells,
single- and dual-band BPFs are analyzed, designed, and
fabricated. The design examples inherit the merits of DGS,
such as wide stopband, low insertion loss, and compact
size. Meanwhile, a strong suppression of the radiation is
also obtained. With such good performance and the instinct
structure advantage of the flexible integration, the proposed
SIDGS and single-/dual-band BPFs are attractive for practical
applications.

APPENDIX

As shown in Figs. 3 and 5, the input impedances Z4, Zp,
Zc, and Zp of the equivalent circuits can be calculated using
the transmission line impedance equations [35], which can be

Z13(Zx + jZi3tan013) + jZiatan012(Z13 + jZx tan 013)

sa=zn Z12(Z13+ jZx tan013) + jZi3tan012(Zx + jZ13tan 63) 2

Zs = Za4 Z5(Zas — Zas tan Oas tan O) — Zo4 tan 024(Zps tan Ox6 + Zo tan 6>5) 23)
J Z24(Zos tan O + Zog tan Oas) + Zo5(Zo — Zos tan Oas tan Oa¢)

Ze = Z34 Z35(Z36 — Z3s5 tan O35 tan 036) — Z34 tan 034(Z35 tan 36 + Z36 tan 035) 24)
J Z34(Z35 tan 036 + Zze tan 035) + Z35(Z36 — Z35 tan 035 tan 03¢)

Zp — Zag  Z45(Zas — Zas tan Oss tan Oy6) — Zaa tan 044(Zys tan Os6 + Zag tan bs5) 25)
J Z44(Zys5tan Oy + Zyg tan Oy4s) + Z45(Zae — Z45 tan Oy tan Oye)

Zy = Ziy Z15(Z1s — Zistan 05 tan O1) — Zi4 tan 014(Z ;5 tan O16 + Zi tan b,5) 26)

j Zwu(ZistanOi6 + Zigtan0y5) + Z15(Z16 — Z15 tan Oy5 tan )
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expressed as (22)—(25), shown at the bottom of the previous
page, where Zy is expressed as (26).
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