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ABSTRACT In this paper, two types (i.e., type-A and type-B) of hybrid microstrip/defected ground
structure (DGS) cells are proposed for passive circuit implementation with ultra-wide stopband. Both cells
consist of the stepped-impedance DGS and embedded folded slotline on the ground, which could obtain
the dual-resonances. In type-A cell, a microstrip T-stub on the top side is introduced, which can not only
allocate a strong coupling to the DGS with slotline on the bottom side, but also act as the input/output port.
To finely adjust the dual-resonances of the type-B cell, a grounded microstrip patch is used. Meanwhile,
such compact cells could feature an ultra-wide upper stopband, due to their own slow-wave effect. Based
on the aforementioned hybrid microstrip/DGS cells, two dual-band bandpass filters (BPFs) and a dual-band
filtering power divider (FPD) are proposed and fabricated. Measured and simulated results are in a fairly-
close agreement. Both dual-band BPFs exhibit the ultra-wide upper stopband, which extends up to 40 GHz
with a high rejection level about 30 dB. Besides, the dual-band FPD has merits of more than 18.7 dB of
in-band isolation and 28 dB stopband rejection levels up to 40 GHz.

INDEX TERMS Bandpass filter (BPF), defected ground structure (DGS), dual-band filter, filtering power

divider (FPD), slow-wave, ultra-wide stopband.

I. INTRODUCTION
With the ever-increasing demands of modern high-speed and

multi-function wireless communication systems, the trend
to support various communication standards and operate
at multiple frequency bands in one system is continuously
developed [1], [2]. The multi-mode resonators have been
carried out and applied in wideband RF/microwave sys-
tems [3]. However, the inter-system interference caused by
harmonics is becoming a common and important issue,
which should be suppressed. Recently, the circuit design
utilized basic physical properties has taken over using
electromagnetic compatibility (EMC) rules blindly [4].
Meanwhile, suppressing the spurious passbands is an effec-
tive method to improve the multifunctional system perfor-
mances [5]. Nevertheless, the design of passive components
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with ultra-wide upper stopband for multi-function systems
should be further developed.

As a critical component in microwave communication sys-
tems, the bandpass filter (BPF) with wide stopband is widely
developed. In order to obtain the good out-of-band attenu-
ation, the floating ground-plane [6], wiggly line [7], parallel
coupled-line [8], and defected ground structure (DGS) [9] are
proposed to suppress the first spurious passband. To extend
the stopband bandwidth, the multi-order coupled-line [10],
periodic DGSs [11], and stepped-impedance resonators
(SIRs) [12] have been introduced. Nevertheless, the spurious
passbands are suppressed less than 10fy (where fo stands for
the center frequency of passband), due to the restriction of
the fabrication. To further enhance the stopband performance,
anovel and simple slow-wave resonant cell is presented [13],
which has instinct fundamental resonance with an ultra-wide
stopband response. Based on such resonant cell, filters with
more than 10fy spurious suppression could be easily achieved.
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However, such filter can only introduce a single passband.
To satisfy the various wireless standards, the multi-layer
organic substrate [14], SIRs [15], [16], and net-type res-
onators [17] are proposed to achieve dual-band with a wide
stopband. However, the stopband bandwidth is relatively nar-
row, where the in-band performance still requires further
improvement. Therefore, the design of dual-band BPF with
the merits of sharp-rejection capabilities, low in-band inser-
tion loss, ultra-wide upper stopband, and miniaturized size
still remains great challenges.

Meanwhile, the power dividers [18]-[24] and BPFs usu-
ally coexist in the same RF front-end, thus, the filtering
power divider (FPD) already draws great attentions. In order
to achieve a good out-of-band performance, the looped
coupled-line is developed [18]. Then, to extend the stop-
band bandwidth, two lowpass filters attached in the output
sections [19] and hybrid microstrip/DGS cell with spurious
suppression [20] are introduced. However, these FPDs could
not meet the requirements of modern multi-band standards.
In [21]-[23], the coupled SIRs and dual-resonance resonators
are used to achieve dual-band response, whereas the stopband
bandwidth still needs to be extended. Therefore, the dual-
band FPDs with the ultra-wide stopband and good rejection
level should be dramatically developed.

In this paper, two novel dual-resonance hybrid microstrip/
DGS cells (i.e., type-A and type-B) are proposed and inves-
tigated, following our previous work [25]. Such cells can
not only allocate adjustable dual-resonances, but also achieve
a strong slow-wave effect for a wideband harmonic sup-
pression. Meanwhile, a whole analytical framework about
the dual-resonances hybrid microstrip/DGS cells is firstly
given, while the physical meaning of the DGS is proposed for
better logical readability. Then, the EM fields of folded shape
DGS are investigated, which could exhibit the instinct char-
acteristic of the radiation suppression. Therefore, the radia-
tion loss could be reduced by such hybrid microstrip/DGS
cells when compared to conventional DGS. Moreover, this
implementation can minimize the circuit size of the proposed
cell. For practical applications, a series of passive circuits
(i.e., the dual-band BPFs and FPD) is developed based on
the proposed hybrid microstrip/DGS cells. The measured
results demonstrate the feasibility of such cells in realizing
the dual-band passive circuits with merits of good passband
insertion loss, high passband selectivity, and ultra-wide stop-
band with strong spurious suppression. The organization of
the rest of the paper is as follows: in Section II, a detailed
description of the proposed two types dual-resonance hybrid
microstrip/DGS cells is proposed. Section III illustrates the
operation of coupled cells with various schemes. Then,
Section IV presents the application examples of two types
dual-band BPFs and a dual-band FPD with ultra-wide stop-
band. Finally, a brief conclusion is given in Section V.

Il. HYBRID MICROSTRIP/DGS DUAL-RESONANCE CELL
Fig. 1 depicts the configurations of the proposed dual-
resonance hybrid microstrip/DGS cells. On the bottom
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FIGURE 1. Configurations of both types dual-resonance hybrid
microstrip/DGS cells. (a) Type-A cell. (b) Type-B cell.

side of the substrate, the stepped-impedance DGS with
embedded folded slotline is proposed. Then, two types
of microstrip structures are introduced for implementing
the hybrid microstrip/DGS cells (i.e., type-A and type-B).
As shown in Fig. 1(a), a microstrip T-stub is introduced on
the top side in type-A cell. As for the type-B cell, a grounded
microstrip patch is proposed, which is shown in Fig. 1(b).
To investigate the electrical characteristics of the proposed
cells, the full-wave EM simulator IE3D and RT5880 dielec-
tric substrate (i.e., the dielectric constant ¢, = 2.2 with a
thickness of 2 = 0.508 mm) are used.

[1Ground []Ground []Ground
7Sl Ls S,i
ILy|| |Ly |:||:||:| %
S, 2
L, W,
() (b) ©

FIGURE 2. Configurations of (a) the stepped-impedance DGS, (b) the
folded slotline, and (c) the dual-resonance DGS cell (L; = 7.45, L, = 3.5,
Ly =3.85,Ls = 34.5,S; = 1.3, S, = 1.05, S5 = 0.1, Sg = 0.1, d; = 0.25,
d, = 0.25, and d5 = 0.2, unit: mm).

A. DUAL-RESONANCE

1) DUAL-RESONANCE CHARACTERISTICS

Such two proposed types cells (i.e, type-A and type-B)
could both generate dual-resonances. Note that, these two
fundamental frequencies for the proposed cells are mainly
determined by the DGS cell on the bottom side. Here,
the dual-resonances (i.e., figs and fyo) are allocated by
the stepped-impedance DGS in Fig. 2(a) and folded slotline
in Fig. 2(b), respectively. Based on the derivation processes
in the Appendix A, these two resonant frequencies at f] and
/> of the proposed DGS in Fig. 2(c) can be defined as

My + \/M} — 4M;
fi = M
\ 2
My — \/M} — 4M,
= 2
2 > @)
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where
2
myfsdgsfsior
Ml :fvzlgs +fs%0t + G (3)
Vsdgs Vslot
2 2
M; = fsdgsfslot' “

The yyqqs and yyo; are the parameters that define the transfor-
mations of the stepped-impedance DGS and folded slotline,
respectively. Meanwhile, the my is the coupling coefficients
for these two resonators. To determine these parameters,
the same technique is used as in [26]-[27].

ABJIlEE -6 -9 -12-15-18-21-24-27-30-33 -36 O S

i Y
o 20 2,02,0, i—!

(b)

(©

FIGURE 3. (a) EM-simulated electric current density distributions of
slotline and stepped-impedance DGS. The simplified even-mode
equivalent circuits of (b) the stepped-impedance DGS and (c) the slotline.

It is known that the etched defect in a DGS disturbs the
shield current distribution on the ground [28], and thus the
stepped-impedance DGS and folded slotline possess their
own resonant frequencies on the ground. To discuss the
fsaes and fyor, Fig. 3(a) shows the EM-simulated electric
current density of the stepped-impedance DGS and folded
slotline. It is notable that the current is concentrated on
its edges at the fundamental resonance (i.e. fsqgs and fyjor).
The current density is distributed symmetrically along the
dotted line. Then, the simplified equivalent circuits can be
derived. Note that, the dual-resonances of the proposed res-
onant cells are determined by the even-mode resonances
of the stepped-impedance DGS and folded slotline. There-
fore, the even-mode equivalent circuits are introduced to
discuss the dual-resonances operation, as shown in Fig. 3(b)
and (c), respectively. Then, the even-mode input admittances
(i.e., Yine and Yjye;) are derived in the equation (5), as shown
at the bottom of this page, and (6) as

1

_ 6
JjZ; tan 6; ©

Yiner =

The resonance conditions for these two resonators are
Yine = 0 and Yj,; = 0, respectively. Meanwhile, the elec-
trical length and characteristic impedance of the stepped-
impedance DGS could be extracted from the pole-splitting
method [29] in conjunction with full-wave simulations. The
Z; and 6; are defined by the equations in Appendix B.
Therefore, the relationships between the physical dimension
of DGS cell and its resonant frequencies could be obtained
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FIGURE 4. (a) Resonances of the DGS cell versus the L3 (Ls = 34.5 mm).
(b) Resonances of the DGS cell versus the Ls (L3 = 3.85 mm).
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FIGURE 5. (a) Effects of the dimension L;; on the fundamental resonant
frequencies f;; and fg, (W;y = 2.5 mm). (b) Effects of the dimension Wy,
on the fundamental resonant frequencies (L;; = 2.2 mm). (c) Effects of
the dimension L;3 on the fundamental resonant frequencies fp; and fp,
(W3 = 2.3 mm). (d) Effects of the dimension W3 on the fundamental
resonant frequencies (L¢3 = 1.4 mm).

based on the equations (1)—(6). Then, the dual-resonances
for the proposed DGS cell versus the different dimensions
(i.e., L3 and Ly) are depicted in Fig. 4(a) and (b), respec-
tively. It can be seen that the calculated and EM-simulated
results are in close-agreement with a similar variation
profile.

1 Z3(Z, — Zy tan 6 tanb,) — Zp tan 03(Z; tan 01 + Zp tan 6)

ine
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2) LOADING EFFECT

The fundamental resonances (i.e., f and f>) are shifted down
due to the loading effect of microstrip T-stub and grounded
patch in type-A and type-B cells, respectively. Then, to verify
the effects on resonant frequencies, the variation tendencies
of these two fundamental resonances associated to the type-A
cell are depicted in Fig. 5(a) and (b), which show the curves of
fa1 and f,» against the dimensions W;; and L;{, respectively.
Meanwhile, the curves of the EM-simulated f; and fj> versus
different geometrical parameters W;3 and L3 for type-B cell
are shown in Fig. 5(c) and (d), respectively. It can be seen
that the fundamental resonant frequencies f,;; and f;» decrease
while the L;; or Wy are increased. Therefore, the required
resonances can be obtained by finely tuning the dimensions
of microstrip T-stub. The feed-line tapped on the microstrip
T-stub could be utilized as 50-2 input/output port for this
cell. Besides, the f,; and f;»> are decreased, once the grounded
patch is enlarged. Thus, the specific frequencies of type-B
cell could be obtained by finely adjusting the microstrip
patch.

B. SPURIOUS SUPPRESSION

1) SLOW-WAVE EFFECT

As a further merit of the proposed dual-resonance DGS,
a wide stopband operation could be achieved. It is well known
that the characteristic impedance of the slotline/DGS is
mainly determined by the width. As the slot width is enlarged,
its effective inductance increases and effective capacitance
decreases. Then, the required distributions of effective induc-
tance and capacitance are obtained by finely adjusting the
geometric dimensions, especially the inductance. Therefore,
the proposed DGS resonant cells can be designed as an
approximate LC-resonator with a wide stopband operation as
shown in [30]. The simulated transmission response and the
EM-simulated current destiny distributions at stopband are
depicted in Fig. 6. In this case, two regions (i.e., Reg. I and
Reg. II) in DGS are concerned at the stopband frequencies
fasts fas2, fdas3, and fgea. It is found that the electric-field
(i.e., E-field) is highly concentrated on the thin slot in
Reg. I, which achieves strong effective capacitance. Then, the
E-field nearly disappears in Reg. II, which means that the
large effective inductance is developed. By the transmis-
sion line theory, the propagation constant of a line without
loss is

B = wpVIC (7

where wy is the angular frequency, L and C are the distributed
shunt capacitance and series inductance per unit length,
respectively. It shows that slow-wave effect (large propaga-
tion constant) can be achieved by increasing L and C [31].
As for the proposed dual-resonance DGS resonator, the series
connection of such high effective capacitance and inductance
could achieve a strong slow-wave effect. As proved in [32],
the resonator with slow-wave effect can be used to design the
bandpass filter with a wide upper stopband.
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FIGURE 6. Simulated power transmission response (|S,; |) of the
proposed dual-resonance DGS cells and the EM-simulated electric current
density distributions.
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FIGURE 7. Configurations of the proposed structure. (a) Type-A cell.
(b) Type-B cell.

2) SLOW-WAVE EFFECT ENHANCEMENT
Due to the constraints on planar structures, the large effective
capacitance is achieved by an ultra-narrow slot, while the
implementation is limited by the printed circuit board (PCB)
fabrication. To further improve the stopband performance,
the slow-wave could be enhanced by the proposed hybrid
microstrip/DGS. As shown in Fig. 7, a microstrip T-stub
and grounded microstrip patch are located above the dual-
resonance DGS in type-A and type-B cells, respectively.
In this case, such two microstrip structures could introduce
a strong vertical capacitive effect in Region A and B. Thus,
as the further merits of the hybrid microstrip/DGS, the spe-
cific distributions of the effective capacitance can be used for
arelatively stronger slow-wave effect. Then, the propagation
constant is increased, which leads to an enhanced stopband
performance.

To verify the ultra-wide upper-stopband operation,
the power transmission responses with related electrical cur-
rent densities are shown in Fig. 8. Note that, the spurious is
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FIGURE 8. Simulated power transmission response (|S,; |) of the
proposed slow-wave cells and EM-simulated electric current density
distributions at fg;, f;,, fs3, and f,. (a) Type-A dual-resonance cell.
(b) Type-B dual-resonance cell.

suppressed with higher rejection level in both dual-resonance
hybrid microstrip/DGS cells (i.e., type-A and type-B), due
to the enhanced slow-wave effect. In Fig. 8(a), the E-field is
highly concentrated on the microstrip T-stub, which indicates
that a stronger effective capacitance can be achieved in
type-A cell at two stopband frequencies f;; and fi. Thus,
a larger propagation constant (i.e., 8) can be introduced
by the series connection of such high effective capacitance
and inductance. Then, an ultra-wide upper-stopband with a
high rejection level is introduced by such cell (i.e., type-A).
In addition, Fig. 8(b) depicts the transmission response of
type-B cell, including the EM-simulated electric current
densities at two stopband frequencies fi3 and f;4. The E-field
is highly concentrated on grounded microstrip patch, which
introduces a strong effective capacitance. Therefore, similar
as the type-A cell, an ultra-wide upper stopband with high
rejection level could be achieved by the type-B cell.

C. RADIATION LOSS

Owing to the interference effect of the induced magnetic-
field (i.e., H-field) in the parallel slotline/DGS portions,
the radiation loss could be minimized. Fig. 9(a) sketches the
E-filed and H-field distributions in cross-section. It is found
that the E- and H -fields exist around the cross-section of the
gaps. Note that, the E-field potential difference between the
two conductors of the gap is shown in Fig. 9(b). Meanwhile,
the direction of H-field is kept identical along the longitudinal
direction of the gap [33]. Based on these principles, the
E- and H-fields of these two resonant parts (i.e., folded DGS
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FIGURE 9. (a) Field distributions on the parallelized slotline in
cross-section. (b) Field and current distributions in vicinity of a slotline
short end. (c) Field distributions of the stepped-impedance DGS. (d) Field
distributions of the folded slotline.
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FIGURE 10. Calculated radiation loss of folded and unfolded structures.

and slotline) at their own resonant frequencies are depicted
in Fig. 9(c) and (d), respectively. It can be seen that the
H- and E-field lines around the folded part are almost in
opposite directions in the two parallel portions. As proved
in [34], the radiations can be reduced, due to the interference
of these two oppositely-oriented H-field intensities. Besides,
the equivalent electrical length of the DGS/slotline could be
decreased owing to this effect. Nevertheless, the current flows
in the metal surface around the end of the gap, and there is
appreciable energy stored beyond the termination. The related
appearances are depicted in Fig. 9(b), (c), and (d), respec-
tively. Thus, the net result is that the equivalent electrical
length of the slotline/DGS will be increased [35]. To verify
the low radiation characteristic of the proposed structures,
two cases are discussed here with different shapes. Case I
is two coupled type-A cells, while Case II represents the
unfolded case, as shown in Fig. 10. Meanwhile, the radiation
loss can be calculated by the following equation

Ry =1—|S111* = 1S ®)

As proved in Fig. 10, it can be seen that proposed folded
structure could effectively reduce the radiation loss. Mean-
while, such implementation could minimize the circuit size
for proposed cell.
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FIGURE 11. Configurations of these two types resonant cells coupled in
Case (a) and Case (b). Case (a): interdigital coupled scheme,
Case (b): combline coupled scheme.

Ill. HYBRID MICROSTRIP/DGS CELLS WITH
QUASI-COUPLED SCHEMES

Based on the proposed dual-resonance cells (i.e., type-A and
type-B), the coupled schemes are introduced and investi-
gated. Note that, a strong coupling between these two cells
could be generated when they are close to each other. To ver-
ify the relationship between coupling coefficient and physical
dimension, two cases are discussed in this paper. Case (a)
represents two proposed cells with an interdigital-coupled
scheme, while Case (b) is the combine-coupled scheme. The
configurations for these two coupled resonant cells with dif-
ferent coupled schemes are shown in Fig. 11, respectively.
Meanwhile, the coupling coefficients (i.e., k;;) for the syn-
chronous and asynchronous cases [29] can be derived as
follow:

f f
2 2 2
pi+ pi

2
1 (foi f0j> o la\ (i1
ki=— (= +2 10
/ 2(f0j+f0i (f +f5 fa+ 13 (19)

where fj; and f; are the resonant frequencies in the absence of
coupling, and the f; and f,,; are these two dominant resonant
frequencies under the coupled conditions.

To verify the coupling strength for these two coupled
schemes, the extracted coupling coefficients associated to
these coupled schemes versus the gaps (i.e., 8445, and
8ha,b,c) are compared in Fig. 12. It is notable that the coupling

&)
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FIGURE 12. Coupling coefficients versus the distances between two
coupled cells. (a) Coupled type-A cells. (b) Coupled type-B cells.
(c) Coupled type-A and type-B cells.

coefficients between those two coupled cells are mainly
depended on the gaps. As the gaps increase, the coupling
coefficients decrease. Therefore, once the gaps between two
cells are carefully selected, the desired coupling coefficients
could be obtained. Meanwhile, it is found that the interdigital-
coupled scheme can introduce a stronger coupling than the
combline-coupled scheme under the same coupled schemes.
Thus, the interdigital-coupled scheme could be utilized in a
relatively stronger coupling condition, while the combline-
coupled scheme is used for the case of weaker coupling.

IV. DESIGN EXAMPLES

To verify the practical implementation of such dual-
resonance hybrid microstrip/DGS cells (i.e., type-A and
type-B) in the realization of dual-band passive components,
the dual-band BPFs and dual-band FPD with ultra-wide upper
stopband are proposed and fabricated. The RT5880 dielectric

23629



IEEE Access

Y. Rao et al.: Dual-Band BPF and FPD With Ultra-Wide Upper Stopband Using Hybrid Microstrip/DGS Dual-Resonance Cells

Type-11
8a3 ‘Eﬂ

(b)

FIGURE 13. Configurations of the proposed three-order dual-band BPFs

(Gd1 =9d2 =9d3 = 1.5, 944 = 1.3, and g1 = gpy = gpz = 1.25, unit:
mm). (a) Type-l dual-band BPF. (b) Type-II dual-band BPF.
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FIGURE 14. (a) Coupling-routing diagram of the proposed three-order
dual-band BPFs. (b) Conceptual transmission response (|S,; |) for the
dual-band BPFs.

substrate (i.e., €, = 2.2 with a thickness of 27 = 0.508 mm)
and the Agilent N5244A PNA-X Network Analyzer are uti-
lized for the circuit manufacturing and measurement, respec-
tively. By featuring the sharp-rejection dual-passband and
ultra-wide upper stopband characteristics, the proposed dual-
band BPFs and FPD are attractive for practical applications in
dual-band RF systems with closely-spaced operational bands.

A. DUAL-BAND BPF DESIGN

Based on the dual-resonance hybrid microstrip/DGS cells,
two prototypes of three-order dual-band BPFs are proposed,
as shown in Fig. 13. It can be seen that each filter consists
of three resonant cells. The first and third resonance cells
are the type-A scheme, whereas the second one is a type-B
cell. As depicted in Fig. 13(a), the cells of the first dual-band
BPF is implemented with an interdigital-coupled schemes.
Meanwhile, the interdigital- and combline-coupled schemes
are introduced to form the second dual-band BPF based on the
three cells, as shown in Fig. 13(b). Here, the coupling-routing
diagram related to these two BPFs are exhibited in Fig. 14(a).
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FIGURE 15. Lossless simulated and synthesized power transmission
(1S211) and reflection (]S, |) responses of the dual-band BPFs (in-band
details).

Note that, the dual-resonance of the type-A and type-B cells
are optimized to be same for the filter design. According to
the equations in Appendix A, the transformed frequencies are
expressed as follow:

Qa'ualA(a)) ~ QdualB(w)
_ VaVb(wz - w‘%)(wz - a)lz,) — kfella)aa)ba)z

(11)

Vbwa(®? — wj)

where kco; is the coupling coefficient between two res-
onators, the y, and y, are the parameters that define the
transformations of these two resonators, and the parame-
ters w, and wp are resonant frequencies of these two res-
onators (i.e., stepped-impedance DGS and folded slotline) in
the absence of coupling, respectively. Then, the frequency
response for the dual-band BPFs can be determined by five
frequency parameters [26] and [36]: wr1, w12, ®;, wH1, and
wp2, as shown in Fig. 14(b). Here, the w1 and wpy define
the lower passband, while the w;; and wpy, determine the
upper one. These passbands are separated by means of an
inter-band transmission zero at w,. Then, the frequencies
w, and wp, parameters y, and yp, and ke can be derived
by formulas in Appendix C. Since the proposed dual-band
BPFs are developed with a Chebyshev response. The g;
(ie.,i = 1,2,3,---) is the low-pass prototype parameter.
Thus, the coupling coefficients between the proposed cells
can be obtained as

1
Yas/8i8i+1

To verify the aforementioned synthesis mechanism, two
types of dual-band BPFs with the frequency parameters of
fu1 = 3.06 GHz, fg1 = 3.27 GHz, f;» = 3.70 GHz, fgr =
3.96 GHz, and return loss of 20 dB in each band are proposed.
The center frequencies of the resonators, y,, and y; are
derived as: f; = 3.4835 GHz, f, = 3.4759 GHz, y, =
7.4117, and yp = 4.2219. Then, the coupling coefficients
are calculated as: kap = 0.1391 and k..; = 0.1788. Thus,
the passband coupling matrix [A] can be expressed by [37]

kap = i=1,2. (12)
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as follow:
—j 0.7820 0 0 0
0.7820  Qguai,  0.5379 0 0
[A] = 0 0.5379  Quuaiy  0.5379 0
0 0 0.5379  Qaua, 0.7820
0 0 0 0.7820 —j

(13)

Meanwhile, the theoretical S-parameters (i.e., red-curves)
associated to the coupling matrix are shown in Fig. 15. While
compared to such lossless results, both the calculation and
EM-simulation show a fairly-close agreement.

The design procedures of the proposed dual-band BPFs can
be summarized as follow. The first step is to obtain the initial
sizes of two types cells. Equations in Appendix C can be used
to derive the specific resonant frequencies and coupling coef-
ficients for the stepped-impedance DGS and folded slotline,
respectively. Besides, Fig. 16(a) and (b) depict the extracted
internal coupling coefficients of the type-A and type-B cells
versus the dy_4 and d|_p, respectively. Then, the physical
gaps (i.e., di—4 and dj_p) between the stepped-impedance
DGS and folded slotline are used to adjust the coupling
coefficients (i.e., keesi—a and kee;i—p). In addition, the required
resonances of stepped-impedance DGS and folded slotline
are obtained by the equations (5) and (6). Thus, the geome-
tries related to both cells can be determined by finely adjust
its dimensions. The second step is to achieve the inter-
nal couplings coefficients between the dual-resonance cells.
In this case, the gaps (i.e., §da,p,c and gna,p,c in Fig. 11) can
be properly adjusted to achieve specific coupling coefficient
for the passband response. The third step is to meet the
required quality factors for both passbands. The design curves
of Q. and Q. against Wy can be obtained by the methods
in [29], which are depicted in Fig. 16(c) and (d), respectively.
With properly optimized dimensions of the microstrip T-stub,
the required external quality factors for the dual-band opera-
tion can be achieved.

According to the design procedure mentioned above,
two dual-band BPFs (i.e., BPF-I and BPF-II) are fabri-
cated, as shown in Fig. 17. The simulated and measured
S-parameters of the proposed filters are depicted in Fig. 18.
As can be seen, the BPF-I operates at fj = 3.17 GHz and
f> = 3.91 GHz with the 3-dB fractional bandwidth (FBW)
of 8.4% and 7.1%, respectively. Note that, the operational
bands corresponded to BPF-II have slightly shifted. The
measured center frequencies of the passbands in BPF-II are
3.16 and 3.90 GHz with the 3-dB FBW of 8.5% and 7.1%,
respectively. The minimum in-band insertion loss levels for
the lower and upper passbands are less than 1.76 and 1.63 dB
in BPF-I, 1.87 and 1.67 dB in BPF-II. With the strong slow-
wave effect, both filters can feature an ultra-wide upper
stopband up to 40 GHz with a high rejection level greater
than 28 dB and 30 dB for both BPFs, respectively. In addi-
tion, the fabricated prototype related to BPF-I has a compact
core circuit size of 27 mm x 12.25 mm (i.e., 0.3894, x
0.177xg, where Ag is the microstrip guided wavelength at
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FIGURE 17. Photographs of the developed dual-band BPF prototypes.
(a) Top view and (b) bottom view of Type-I BPF. (c) Top view and
(d) bottom view of Type-Il BPF.

the center frequency of the first passband). The core circuit
size of BPF-II is 26.9 mm x 14.75 mm (i.e., 0.3851, x
0.213A4, where A, is the microstrip guided wavelength at
the center frequency of the first passband). Table 1 compares
the proposed dual-band BPFs with the state-of-the-arts dual-
band BPFs [14]-[17], which are with a wide upper stopband.
It is notable that the proposed dual-band BPFs with closely-
spaced passbands have merits of the broader upper stopband
bandwidth and lower in-band insertion loss.

B. DUAL-BAND FPD DESIGN

As the second design example of the conceived dual-
resonance cells, an original dual-band FPD is proposed,
as depicted in Fig. 19. For the design of power divider part,
two A /4 microstrip lines are tapped on the arms of the tra-
ditional Wilkinson power divider. Meanwhile, two resistors
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FIGURE 18. Measured and simulated transmission (|S, |), reflection (|S;; 1), and grounp delay of the developed dual-band BPF

prototypes (d; = 0.25, d, = 0.25, d3 = 0.2, g4
Ls = 34.5, Ly; = 2.2, Ly = 4.05, Lz

=9d2 =9d3 = 1.5, 9dda = 1.3, gh
=1.4,5, =13,5, = 1.05, S5 =0.1,S7 = 0.1, W; =

=gha = gh3 = 1.25, L = 1.45, L, = 3.5, L5 = 8.45,
1, Wy, = 2.5, W, = 0.8, and W5 = 2.3,

unit: mm). (a) In-band details of BPF-I. (b) In-band details of BPF-II. (c) Wideband response of BPF-I. (d) Wideband response of BPF-II.

TABLE 1. Comparison of the dual-band BPF with the state-of-the-art.
Reference [14] [15] [16] [17] Type-1 Type-11
f1/f2* (GHz) 1.7/4 2.4/5.2 2.4/6 172 3.17/3.91 3.16/3.90
Passband Ratio (f2/f1) 2.35 2.17 25 2 1.23 1.23
3-dB FBW (%) 20/18 10.6/6 5/4.7 4.6/4.8 8.4/7.1 8.5/7.2
Insertion Loss (dB) 6.7/6.5 2.27/2.88 1.85/2.98 2.65/2.44 1.76/1.63 1.87/1.67
Return Loss (dB) >11/12 >8.9/9 N/A >12.6/12.6 >20/20 >18/20
Lower Passband Roll-Off (dB/GHz) 320/311%* 67/77%* 132/165%* 433/355%* 48/240 49/267
Upper Passband Roll-Off (dB/GHz) 223/185%* 72/76%* 143/134%* 332/283%* 171/58 166/68
Stopband Bandwidth Upto16.5GHz | Upto9GHz | Upto20GHz | Upto5.6 GHz | Upto40 GHz | Up to 40 GHz
Stopband Rejection Level (dB) >50 >32.2 >30 >20 >28 >30
Size (Ag X Ag) 0.4x0.05 N/A N/A N/A 0.389x0.177 0.385x0.213

*f1 and f2 stand for the center frequencies of lower and upper passbands, respectively.

**Calculated from the measured results.

(i.e., Ry and R;) are embedded in such two microstrip lines,
which can generate two transmission zeros for the enhanced
isolation from Port2 to Port3 [38]. Then, to achieve a dual-
band filtering response with an ultra-wide upper stopband,
the proposed BPFs are directly connected at the end of the
power divider part. Therefore, such scheme can not only
achieve a dual-band FPD, but also obtain the wideband output
isolation and harmonic suppression at the stopband. To dis-
cuss the characteristics corresponded to the proposed power
divider part, the simplified equivalent circuits are introduced.
The even-mode equivalent circuit of the power divider part is
shown in Fig. 20(a). In this case, the output-isolation resistors
are viewed as open circuits. Then, the odd-mode equivalent
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circuit is depicted in Fig. 20(b), where the resistors are equiv-
alently grounded. Thus, the theoretical S-parameters for this
three-port network can be derived as follow:

27,1
S = S¢ — mle D 14
! 1 Zinle + 2Zpl (14)
27
S = S31 = 12 = f Zine =21 | (15)
Zinle + 2Zpl
Sys = S5 — 522 1 Zimze = Zpa | |Zindo — Zp2 ) (16)
2 2 Zinge + Zp2 Zinzo + Zp2

where Z,1 and Z, are the impedances of Portl and Port2,
respectively. Zj,1. is the input impedance from Portl under
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TABLE 2. Comparison of the FPD with the state-of-the-art.

Reference [18] [19] [20] [21] [22] This work
Center Frequency (GHz) 1.51 0.9 2.31 2.43/5.06 2.3/3.5 3.12/3.87
3-dB FBW (%) 56.5 2.4 17.7 38.3/18.8 9/7.1 9.6/7.5
Insertion Loss (dB) 6.8% 4.75 4.2 3.8/4.4 4.2/4.5 4.35/4.52
Return Loss (dB) >15 N/A >20 >14.3/19.8 >17.6/21.4 >21/14
Lower Passband Roll-Off (dB/GHz) 230/223°%* 185/125%* T7/65%* 55/42%* 57/124%* 51/238
Upper Passband Roll-Off (dB/GHz) N/A N/A N/A 38/48%* 68/88%* 173/65
In-band Isolation (dB) >13 >23 >17 >24/20 >19.2/18.6 >18.7/22.5
Stopband Bandwidth Upto4.15GHz | Upto20GHz | Upto20GHz | Upto9.43GHz | Upto 13.8 GHz | Up to 40 GHz
Rejection Level (dB) >15 >20 >30 >16 >20 >28
Isolation Bandwidth N/A N/A DCto20GHz | DC to 8.9 GHz N/A DC to 36 GHz
Stopband Isolation Level (dB) N/A N/A >28 >18 N/A >28
Size (Ag X Ag) 0.32x0.32 0.1x0.2 0.555x0.689 0.67x0.68 N/A 0.423x0.564

*Four way filtering power divider.
**Calculated from the measured results.
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fh 1 [
Lo Wa
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(a) (b)

FIGURE 19. Configurations of the dual-band FPD. (a) Top view. (b) Bottom
view.
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FIGURE 20. (a) Simplified even-mode equivalent circuit of the power
divider part. (b) Simplified odd-mode equivalent circuit of the power
divider part(o. c.: open circuit; s. c.: short circuit).

even-mode excitation, which could derive the return-loss
(i.e., |S11]) and insertion-loss (i.e., |S21| and |S31]). Then,
the output-isolation parameter (i.e., |S»3|) is determined
by the input impedance for Port2 under the even-mode
and odd-mode excitation (i.e., Zj». and Zj;»,). Note that,
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FIGURE 22. Photographs of the developed FPD prototype. (a) Top view.
(b) Bottom view.

the expressions of Zj,1e, Zinze, and Zjn, are shown in
Appendix D.

The calculated |S23| by provided formulas with sweeping
parameters of resistors is used to select the proper values.
With various values of Z», the calculated curves associated to
the |S11[, [S21], and |S31] are shown in Fig. 21(a). Meanwhile,
Fig. 21(b) depicts the calculated output-isolation parame-
ters with different resistances (i.e., R2). Here, two operation
bands of filtering part are designed at 2.97-3.27 GHz and
3.72-4 GHz. Therefore, the characteristic impedance of Z;
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FIGURE 23. EM-simulated and measured power transmission (|S,;| and |Sz; |), input-reflection (|Sy1 [, Sy, |, and |S33]), output-isolation
(IS231), and group delay of the developed FPD prototype (the dimensions of the filter part are shown in Fig. 18, L,; = L;;;; = 15.67 mm,
Wy, = 0.87 mm, Wy, = 1.54 mm, Wy =2 mm, Ly = 42 mm, R; =50 2, and R, = 180 ).

is selected as 50 2 for a good in-band impedance matching.
Besides, to achieve a high in-band isolation, the two trans-
mission zeros for S»3 are optimized at the center frequencies
of these two operational bands. In this case, the R| and R, are
chosen as 50 €2 and 180 €2, respectively. Thus, the dual-band
power divider could achieve the low insertion loss and high
output isolation, simultaneously.

Then, based on the proposed hybrid microstrip/DGS cells,
a dual-band FPD with ultra-wide upper stopband and output
isolation is implemented and fabricated, as shown in Fig. 22.
As depicted in Fig. 23, a good agreement between the
EM-simulated and measured results is achieved. The mea-
sured dual-band FPD exhibits the dual-band with the center
frequencies of 3.12 and 3.87 GHz, 3-dB FBWs of 9.6% and
7.5%, minimum in-band insertion loss of 4.35 and 4.52 dB
(i.e., 1.35 dB and 1.52 dB excluding the loss with regard to
the ideal 3-dB power-splitting factor), and minimum in-band
isolation of 18.7 dB and 22.5 dB, respectively. Note that,
the FPD can also achieve a minimum 28-dB out-of-band
rejection up to 40 GHz. Besides, a high output isolation with
arejection level higher than 28 dB is measured up to 36 GHz.
The constructed dual-band FPD features a compact core size
of 33.94 mm x 38.3 mm (i.e., 0.4231, x 0.5641,, where A,
is the microstrip guided wavelength on the substrate at the
center frequency of the first passband). In Table 2, the perfor-
mances of the proposed dual-band FPD are summarized and
compared with the state-of-the arts FPDs [18]-[22]. In par-
ticular, the proposed FPD has merits of the sharp-rejection,
dual-band operation, ultra-wide upper stopband, and high
broad-band output isolation.
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V. CONCLUSION

In this paper, two novel hybrid microstrip/DGS slow-wave
cells with compact size and their applications are presented.
Both cells can introduce dual-resonance with an ultra-wide
stopband characteristic, due to the intrinsic slow-wave effect.
Based on the hybrid microstrip/DGS cells, a series of dual-
band BPFs and FPD has been proposed and fabricated.
As demonstrated, such design examples have merits of
the good in-band performance, ultra-wide stopband with
high stopband rejection level, and closely-spaced passbands.
Therefore, those performance advantages make the engi-
neered BPF and FPD to be attractive for the practical appli-
cation in modern multi-band RF front-ends.

FIGURE 24. The coupling diagrams of the dual-resonance DGS when
coupled with an arbitrary resonator.

APPENDIXES

APPENDIX A

Once an arbitrary resonator is coupled with the dual-
resonance DGS, these two closely-coupled resonators could
be considered as a whole resonant cell. As shown in Fig. 24,
the resonator r; acts as the arbitrary resonator, and the res-
onators rq and ry represent the stepped-impedance DGS and
folded slotline, respectively. Then, the m; 1, m; 2, m,1 2 are
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the coupling coefficients for these resonators, respectively.
As shown in Fig. 2, the folded slotline is closely surrounded
by the stepped-impedance DGS with folded design. In this
case, the stepped-impedance DGS can not only introduce
strong coupling with the folded slotline, but also cut off the
couplings between slotline and other resonators. With such
implementation, the proposed structure can be regarded as a
dual-resonance DGS cell with a peninsula topology. In other
words, the m; 1 > m; . If the two single-mode resonators
have resonant frequencies at w, and wy, respectively. Then,
their transformed frequencies can be calculated as:

aﬁ —-aﬂ

Quw) = Va—= (17)
[)]

Wq
where the y, and y}, are the parameters that define the trans-
formations of the two resonators, respectively. Then, these
two closely-coupled resonators can be considered as a dual-
mode resonant cell [27], and thus, the transformed frequen-
cies can be expressed as:

2
a(w)b() = My 4o

Qual(w) =

Qp(w)
. Vayb(wz - 0)3)(@2 — Cl)g) - mfl’rza)aa)ba)z
Vhwwy(@? — w))
_ (a)2 — w%)(a)2 — w%) 18
- y 2 2 ( )
wwq(0* — wp)
where
Y =Va (19)

2
mrl,rZwawb

a)%—f—w% :a)§+a),%+ (20)
YaVb

2 2 2 2
wjw; = w,wj. 21

Note that, the w; and w; are the lower and higher resonant
frequencies of the dual-resonance resonant cell, respectively.
As proved in the equation (19), such dual-resonance resonator
can also provide a transmission zero (i.e., wp) between the
dual-resonance. Furthermore, the m; , can be derived as

miy & mj 1. (22)

APPENDIX B

The expressions of slotline for low €, substrates are stud-
ied in [39] by curve fitting the numerical results. For
0.0015 < W/xo < 0.075 and 2.22 < €, < 3.8, the char-
acteristic impedance of slotline can be derived as

o (6 =22 w
Zop = 60+ 3.69 —_— 133.51In(10¢,), [ —
0 + sin| 236 1+ n(10e,) o

1004
Ao

+2.81[1 — 0.011¢,(4.48 — In e,)](%)ln( )

h
+131.1(1.028 — Ine,), [ —
)
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(1+0.181In¢,) %
\/e, —2.06+0.85(%)2

+12.48 (23)

where c is the speed of light in vacuum, W is the width of
slotline, A¢ is the guided wavelength in vacuum, €, is the
dielectric constant, and /4 is the thickness of the dielectric
substrate, respectively. Assuming the length of the slotline is
L, the 0; can be calculated as

Ls nfOLs
o=p2 =TT (24)
2 cA-BIiY
where
(ﬂ) £0.945
A =1.045—-0.3651n¢, + h/ v W (25)
238.64 + 100 (7)
.81 .
B = 0.148 — w (26)

100¢,

APPENDIX C

The symmetry and asymmetry dual-band BPFs with the
topology (i.e., as shown in Fig. 14(a)) can be determined by
wL1, L2, wg1, and wyo, according to [26] and [36]. Here,
the wy 1 and wy 1 define the lower passband, while the wy» and
wp> determine the upper one. These passbands are separated
by means of an inter-band transmission zero at w,. Then,
the frequencies w, and wjp, parameters y, and yp, and keej
can be derived as follow:

wpiwpegieg? [(wg) + opz) — (oL +or2)]
w,; =
w1 (W1 + o) — wpiop (g1 + wg?)
27

o — wriwp2(wr1 + ©r2) — wrep(wsl + wE2)
(wH1 + wH2) — (wL1 + wr2)

(28)
. = e (29)
(wH1 + wg2) — (wp1 + wr2)

[(wH1 + wH2) — (wr1 + wr2)]wp

h = 5 3 (30)
C—w;— wj,
C — w?— ?
keent = (| ————=> 31
WqWp
where

C=(wn1 + wg2) (w1 + ®r2) — w12 — w10, (32)

where k. is the coupling coefficient between two resonators
in cells, the y, and y; are the parameters that define the
transformations of these two resonators, and the parameters
w, and wy, are resonant frequencies of these two resonators in
the absence of coupling.
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APPENDIX D
As shown in [40], the input impedance parameters of the
equivalent circuit model in Fig. 20 can be expressed as:

Zin1 + jZy tan 6

Zinle =2 —————— 33
e 'z + jZin1 tan 6 539
Zina + jZ> tan 6>
Zinpe = Zp——P——— (34)
Zy + jZin tan 6y
Z07Zii3Ro +szzR2 tan 6,
Zin20 = , B (35)
RoZy + 275 Zin3 + jtan 03 (RoZip3 + 275)
where
Zyo + jZ> tan 6>
Zint = Iy = (36)
Zy + jZp tan 6
27,1 + jZ tan 6y
Zip = Ly —— 37)
Zy + 2jZp) tan 6
5 R1Z; (2Zy1 +jZ, tan 6;) 38)
= . )
" R1Z + 42121 + jtan 6, (2R12p1 + le)
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