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Abstract—This paper presents a design methodology for realizing
broadside-coupled microstrip bandpass filters on multilayer substrates
to reduce the size of the filter. The new filter configuration consists
of broadside coupled split-ring resonators on two layers backed by
a ground plane. With the proposed new method, miniaturization
to a greater extent can be achieved compared to the conventional
method of realizing microstrip multilayer filters. In addition, coupling
apertures in the ground plane used to achieve coupling among the
resonators in conventional multilayer structures are eliminated. The
proposed design is more flexible compared to traditional multilayer
filters. Layers can be easily added to increase the filter order. To
demonstrate the method, a miniaturized two-layered bandpass filter
centered at 728 MHz with low insertion loss is implemented and
investigated. Miniaturization of more than 25% is achieved compared
to the conventional broadside coupled structure and more than 40%
miniaturization compared to the edge coupled structure. The new
microstrip filter discussed in this paper can be realized using simple
fabrication techniques.

1. INTRODUCTION

Multilayer filters play an important role in modern communication
systems where there is huge demand for compact filters with better
selectivity and to reduce the circuit size and cost and enhance the
system performance. The use of multilayer circuit configurations makes
the microwave circuits more compact and the design more flexible [1].
Due to the development of modern fabrication technology, planar
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microwave filters can be stacked vertically to reduce the overall circuit
size instead of horizontally in conventional filters [2]. Traditional
multilayer bandpass filters are designed either using apertures in the
ground plane or using vias between the resonator layers using LTCC
or MMIC technologies [1-11]. In [3], a multilayer bandpass filter is
designed using open-loop resonator and extra metallic patches are used
to achieve coupling between the two conductive layers. Even though,
the structure is a two-layered filter, the circuit size is same as that of the
standard edge-coupled cross-coupled resonator of same order and there
is no miniaturization. In [4], two-layered broadband bandpass filter is
realized using hair-pin resonators. The multilayer filter proposed in
this paper is narrowband and achieves greater size reduction. In [5—
9], using the ground-plane aperture technique conventional coupled
resonators are used to realize different filter configurations based on
the position of the coupling apertures. The apertures in the ground
plane are used to achieve coupling between the resonators. In [5, 6], a
four-pole bandpass filter was realized using open-loop resonators and
miniaturized hairpin resonators with apertures on the common ground
plane using LTCC technology to achieve coupling among the resonators
with an insertion loss of 4.2dB and passband return loss of 12dB.
In [7,8], two-layered bandpass filter was designed using open-loop
resonators and capacitively loaded square open-loop resonator with
different coupling apertures for electric coupling and magnetic coupling
between the resonators to achieve coupling among the resonators.
The position of the coupling apertures in the ground plane plays an
important role in determining the coupling factor and the type of
frequency response. In [9], resonators are arranged on both sides of
a common ground plane with interconnects between the layers where
the coupling occurs through slots in the ground plane using MMIC
technology. In [10,11], vias are used to interconnect resonators in
different layers to achieve coupling between the resonators.

The main contribution of this paper is to make use of
broadside coupled resonators [12] in multilayer technology to achieve
miniaturization to a greater extent, without the use of ground planes
with apertures or vias. The resonator on one layer is 180° inverted
with respect to the resonator in another layer and achieve coupling
without any apertures in the ground plane. Using broadside coupled
resonators reduces the resonant frequency to much lower frequency
as opposed to using conventional multilayer resonators resulting in
further miniaturization. The proposed method eliminates the need
for having apertures in the ground plane since a slight misalignment of
the position of the apertures in the ground plane effects the coupling
as well as frequency response. The bandpass filter designed using
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the proposed method makes the design more flexible compared to
the conventional multilayer filters. Additional layers can be added
easily to improve selectivity by increasing the order of the filter. The
choice of the resonator plays an important role for realizing a compact
filter. Sub-wavelength structures such as open-loop resonators, split-
ring resonators (SRRs), miniaturized hair-pin resonators and other
microstrip structures have been successfully used to design compact
filters at microwave frequencies [5,13-23], since these resonators
can be designed with dimensions much smaller than the signal
wavelength at their resonant frequency. Broadside coupled split-ring
resonators with cross coupling are chosen to serve the purpose of
implementing the multilayer filter compared to the conventional split-
ring resonators [12] to eliminate the cross-polarization effects [24] and
to realize miniaturized structures. In order to improve the selectivity of
the bandpass filter, cross-coupling is introduced among the resonators
to achieve elliptic function response with a pair of attenuation pole
at finite frequencies, thereby improving selectivity [25]. In order to
demonstrate the level of miniaturization, two structures: 1) the edge-
coupled filter and 2) the proposed two layered broadside coupled filter
are designed with the same coupling coefficient matrix and comparison
between the two structures is done. This paper is organized as
follows. In Section 2, the edge-coupled bandpass filter using split-ring
resonators (EC-SRRs) is realized and simulation results as well as the
measured results for the designed edge-coupled filter are presented. In
Section 3, the design method for the proposed two-layered broadside-
coupled filter is presented along with comparison between the measured
and simulated frequency response of the filter. Various bandpass
filter structures are compared with the proposed filter to demonstrate
miniaturization. Finally, conclusions of this paper are presented in
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Figure 1. Four-pole edge coupled filter using (a) open-loop resonators,
(b) split-ring resonators.
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2. DESIGN OF EDGE-COUPLED BANDPASS FILTER

The basic design idea for the four-pole edge-coupled bandpass filter
with cross-coupling is shown in Figure 1. In [25], open-loop resonators
are used to realize a cross-coupled filter shown in Figure 1(a). The
resonant frequency of the structure can be reduced by using split-ring
resonators instead of open-loop resonators and better miniaturization
can be achieved with the structure shown in Figure 1(b).

The physical dimensions of the structure determine the resonance
frequency and the dimensions of the filter are determined based
on the method of extracting external quality factor and from the
coupling coefficient matrix [19]. Based on the knowledge of the
coupling coefficient matrix, external quality factor and following the
traditional design procedure, the resultant filter structures are simple
and easy to realize. Cross-coupled resonators are preferred to achieve
more advanced filter responses such as elliptic filters with higher
selectivity and sharp cutoff since coupling exists between non-adjacent
resonators [19]. The method of extracting coupling coefficients and
external quality factor is used to realize the filter structure with the
aid of an electromagnetic (EM) simulator. The commercial software
Ansoft Designer was used for all simulations in this work. The
simulator is used to find the two resonant peaks of the loosely coupled
resonators for three types of coupling: electric, magnetic and mixed
coupling. Due to coupling between the resonators, each resonator
pair shows two resonant peaks with corresponding resonant frequencies
f1 and fo. Let f; be the lower resonant frequency and fo be the
higher resonant frequency and the coupling coefficient for each case is
calculated from the two resonant peak frequencies f; and fo and is

given by [19]:
_ -1

= 1
3+ f7 .

where k represents the coupling coefficient between the resonators. The
design parameters of the edge-coupled filter using split-ring resonators
1-4 are shown in Figure 2.

The element values of the low-pass prototype are obtained for
Q = 1.8, where Q is frequency locations of pair of attenuation poles
using the design equations given below [19]:

For n = 4:

g1(Q) =1.22147—0.35543Q+0.18337Q% —0.044793 4-0.00425Q*

(
92(0) =7.22106—9.486780+5.890320% —1.657760% +0.177230Q*

J1(Q) = —4.30192+6.26745Q — 3.6734502 +0.99369° —0.10317Q*
J2(Q) =8.17573—11.3631502+6.9622302 —1.9424403 40.20636Q*

k
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Figure 2. Four-pole cross-coupled structure using split-ring
resonators. L is the side length of the resonator, s is the space between
the resonators and w is the conductor width.

where ¢; and J; are capacitance of the lumped capacitor and
characteristic admittance of the inverter, respectively. The g; values
are found to be g1 = 0.9597, go = 1.4219 and J; values are found
to be J; = —0.2109 and Jy = 1.1177. The design parameters of the
bandpass filter, i.e., the coupling coefficients and external quality factor
can be determined in terms of low-pass prototype filter parameters
(91, g2, J1 and J2) and the relationship between the bandpass design
parameters and the low-pass parameters are determined using the
formulas below [19].

Qel = Qeo = Fglw
FBW
M;iv1 =My ipn—it1 = ——, for i=1tom—-1
V' 9igi+1 3)
FBW - J
Mm,erl =T
dm
FBW - Jp,—
Mm—l,m+2 = 2 omel
9m—1

where FBW is the fractional bandwidth, M;’s are the coupling
coefficients between the resonators, Q.; and @Q., are the input and
output external quality factors.

For the cross-coupled filter shown in Figure 2, electric coupling
exists between resonators 1 and 4, magnetic coupling exists between
resonators 2 and 3 and mixed coupling exists between resonators 1
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and 2 and also between resonators 3 and 4. The positive couplings
M12 = Mgl = M34 = M43 and M23 = M32 are realized by the
mixed and magnetic couplings respectively, while the negative coupling
Miy = My, is realized by the electric coupling. To confirm that the
electric and magnetic coupling coefficients have opposite signs, the
transmission phase responses are observed for the two coupling cases.
The phase responses are reversed (they are out of phase), indicating
that the extracted electric and magnetic coupling coefficients have
opposite signs. The coupling coefficients and external quality factors
are determined for FBW of 0.06 using (3) and are given below.

Mys = M3zq = 0.0514

M4 = —0.0132 4
Moz = 0.0472 (4)
Qei = Qeo =159

The corresponding mutual coupling coefficient matrix for the four-pole
edge-coupled bandpass filter is given below.

0 00514 0  —0.0132
00514 0 00472 0
M = 0 00472 0 00514 (5)

—0.0132 0 0.0514 0

In order to determine the physical dimensions of the filter, full-wave
EM simulations are carried out to extract the coupling coefficients and
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Figure 3. Electric coupling coefficient between resonators 1 and 4 as
a function of spacing s between the resonators.
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Figure 4. Magnetic coupling coefficient between resonators 2 and 3
as a function of spacing s between the resonators.
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Figure 5. Mixed coupling coefficient for resonators 1 and 2 and also
for resonators 3 and 4 as a function of spacing s between the resonators.

external quality factors using the approach described in [25]. For the
simulations, the side length of the resonator (L) is chosen to be 16 mm
and the conductor width (w) as 2mm. For each coupling mechanism,
a graph is plotted for the coupling coefficient versus spacing. The
coupling space ‘s’ between the resonators controls the coupling between
the resonators and Figures 3-5 show the design curves for the coupling
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coefficient plotted as a function of the coupling space ‘s’ between the
resonators for electric, magnetic and mixed couplings respectively. The
coupling space ‘s’ for the required values of Mj, and Masg can be
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Figure 6. Layout of the final edge-coupled split-ring resonator filter
(All dimensions are in mm).

0 -

50

10 -

15

20

Magnitude (dB)

25

-30

351

40

s
?

-
N
-~
s
[

=
————
—-——

—————————

Simulated S11
— Simulated S21 |

1
900 950

1 1 I
1050 1100 1150

Frequency ( MHz)

1
1000 1200
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four-pole EC-SRR filter.
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determined from Figures 3 and 4 for electric and magnetic couplings
respectively and is equal to 1.6 mm. The coupling space ‘s’ for the
required Mo and Ms4 can be determined from Figure 5 for mixed
coupled and is equal to 0.9 mm.

Based on the coupling coefficient matrix, the spacings between
the resonators are determined and the final dimensions of the filter
are labeled in Figure 6. Width of the feed line is chosen to be equal
to 1.192mm to have 502 characteristic impedance. The structure is
simulated with dimensions shown in Figure 6; the frequency response
(|S21]ap and |S11|ap) of the filter is shown in Figure 7. The passband
has a center frequency of 1063 MHz.

The proposed filter is fabricated using a milling machine on
RT/Duroid 6010 substrate with relative dielectric constant of 10.2 and
dielectric thickness of 1.27mm and a loss tangent of 0.0023 and the
fabricated filter is shown in Figure 8. The circuit size of the fabricated
filter is 33.6 mm x 32.9mm, i.e., approximately 0.119A¢ by 0.117)\g,
where )\ is the free-space wavelength at the center frequency. The
frequency response of the fabricated filter is measured with HP8753C
vector network analyzer. The measured frequency response of the
fabricated four-pole edge-coupled bandpass filter is shown in Figure 9.
We can observe from the Figure 9 that the passband insertion loss is
about 1.8dB and the return loss is about 12dB with fundamental
resonant frequency of 1106 MHz and the fractional bandwidth is
about 7.5%. The measured results are in good agreement with the
simulated results. The frequency shift between the measured and
simulated frequency responses is attributed to the fabricated method
used (milling machine), assumption of zero metal strip thickness in
simulation and possibly because of the deviations in the dielectric
thickness of the substrate due to milling.

Figure 8. Photograph of the fabricated edge-coupled filter.
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Figure 9. Measured frequency response (|S21|qp and [Si1]ap) of the
fabricated filter.

3. PROPOSED NOVEL BROADSIDE COUPLED
STRUCTURE

In this section, a novel two-layered cross-coupled broadside-coupled
structure is proposed and the method of extracting coupling coefficient
and external quality factor is used to realize the multilayer bandpass
filter. Simulation results as well as experimental results are
characterized using HP8753C vector network analyzer and comparison
to conventional broadside-coupled structure is also presented.

3.1. Conventional Broadside-coupled Resonators

The typical structure of broadside-coupled split-ring resonators (BC-
SRRs) is shown in Figure 10. The rings can be either square or
circular in shape. Square SRRs are preferred to enhance magnetic
coupling [12,15,24]. Thus by etching SRRs on both sides of a thin
dielectric slab, the distributed capacitance between the rings can be
significantly enhanced owing to the broadside coupling [11] which
results in a lower resonant frequency compared to the edge-coupled
SRRs.

A microstrip filter can be designed using typical BC-SRRs by
etching the split-ring resonators on the top-metal layer in close
proximity of the feed line and their image (180° inverted) split-rings
by etching a window in the ground plane as shown in Figure 11.
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Figure 10. Typical broadside-coupled split-ring resonators (BC-
SRRs).
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Figure 11. Conventional BC-SRR structure. (a) Top metal layer, (b)
ground layer.

The main reasons for realizing BC-SRR structures is to eliminate
cross-polarization, bi-anisotropy, and to obtain better miniaturization
than edge-coupled SRRs [15]. Higher level of miniaturization can
be realized by reducing the thickness of the substrate and thereby
increasing the equivalent capacitance of the structure. The substrate
should be thin enough for the magnetic flux generated by the current
flowing through the feedline to penetrate and excite the SRRs to
increase the magnetic coupling between the line and the rings [15].

3.2. New Method for Realizing Multilayer
Broadside-coupled Filters

The motivation for moving towards a new method of realizing
broadside coupled SRRs is to reduce the resonant frequency to
much lower frequencies since there is not much reduction in the
fundamental resonant frequency by conventional broadside coupled
structure compared to the structure with just resonators etched on
metal layer and backed by a ground plane. In [26], a considerable
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Figure 12. Design idea of multi-layer BC-SRR structure.

reduction in the resonant frequency and high quality factor (Q) were
demonstrated for a stack of multi-layer dielectric resonators made of
metal strips. The metal strips were used to synthesize an artificial
dielectric. This idea is modified to design filters using broadside-
coupled SRRs by etching SRRs on multiple layers above the ground
plane, with resonators on each layer 180° inverted with than on
the other layer to obtain considerable reduction in the resonant
frequency for the proposed new structure compared to the conventional
broadside-coupled structure.

The preliminary design idea of stacked BC-SRR elements is shown
in Figure 12.

In order to verify whether stacking multiple layers with SRRs helps
in lowering the resonant frequency, a hollow waveguide loaded with
resonators is simulated. Simulations are done by loading the waveguide
with a single resonator, two resonators (stacked with metal strips on a
dielectric substrate) up to five resonators using the EM software Ansoft
HEFSS and the resonant frequency for each configuration is observed.
For simulation purposes, the side walls are assumed to perfect electric
conductors where as the upper and bottom walls are perfect magnetic
conductors. The metal strips etched on the dielectric substrate are
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assumed to be perfect conductors with a metal strip of width 0.5 mm
and side length of 7.8 mm are designed on the dielectric substrate with
dielectric constant of 10.2 and height of 1.27 mm as shown in Figure 13.

The resonators on each layer are 180° rotated version with
resonators on the other layer, making the configuration as a multi-
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Figure 13. Waveguide loaded with resonators.
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layer BC-SRR structure. It has been found that the resonant frequency
decreases as the number of stacked resonators increases and the same
is shown in Figure 14. The simulation results prove that when the
resonators are stacked as shown in Figure 13, the fundamental resonant
frequency of the structure is lowered. It is also noted that if either
the height of the substrate is reduced or the dielectric constant of
the substrate is increased, the resonant frequency can be lowered to
a much greater extent. Thus the above simulation results infer that
instead of using the conventional broadside coupled structure, if the
stacked approach is used in realizing the broadside coupled structure,
reduction in fundamental resonant frequency resulting in miniaturized
filter structures can be realized.

In this paper, a two-layered broadside-coupled bandpass filter

L

Figure 15. Proposed two-layered broadside-coupled filter. (a) Bottom
layer, (b) top layer.
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Figure 16. Mixed coupling coefficient as function of coupling space
‘s’ between the resonators.
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backed by a ground plane, shown in Figure 15 is realized. In order
to determine the physical dimensions of the filter, the method of
extracting coupling coefficients described earlier in Section 2 is used.
The side length of the resonator is chosen to be 16 mm and width
of the conductor as 2 mm. The same coupling coefficient matrix is used
for both filter structures. The coupling coefficients of the three basic
coupling structures encountered in this broadside coupled filter were
modeled using the approach described in Section 2. In this two-layered
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Figure 17. Layout of the proposed two-layer broadside-coupled filter
(dimensions are in mm).
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Figure 18. Simulated frequency response (|S21|qp and |S11]qB) of the
filter.
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structure, mixed coupling dominates between the resonators present in
layer 1 and layer 2 (Figure 15). The mixed coupling coefficient as a
function of coupling spacing ‘s’ between the resonators is shown in
Figure 16. The coupling space ‘s’ for the required mixed coupling
coefficient can be determined from Figure 16 and is equal to 1.2 mm.

Final dimensions of the proposed two-layered broadside coupled
filter are shown in Figure 17 and simulated (|S21|qg and |Si1|aB)
frequency response of the proposed two-layered broadside-coupled filter
is shown in Figure 18. From the simulated frequency response of the
filter shown in Figure 18, we notice that the center frequency of the
filter’s passband is 656 MHz with passband insertion loss of 1.1 dB and
return loss of 17 dB.

The proposed two-layered broadside coupled filter is fabricated
using a milling machine on a RT/Duroid 6010 substrate with relative
dielectric constant of 10.2 and dielectric thickness of 1.27 mm and width
of the feedline is chosen to be 1.192 mm to match the 50 Q2 impedance.
The photograph of the final fabricated two-layered bandpass filter is
shown in Figure 19. The two-layers are attached together using nylon
screws. The circuit size of the fabricated filter is 33.2mm by 16 mm,
i.e., approximately 0.073A\g by 0.035\g, where Ag is the free-space
wavelength at the center frequency. The fabricated filter was measured
with a HP8753C vector network analyzer. The measured frequency
response is shown in Figure 20 and the two transmission zeros that are
typical of a elliptic function response can be clearly observed.

From Figure 20, we observe that passband insertion loss is about
2.2dB and a return loss of 13 dB with fundamental resonant frequency
of 728 MHz and fractional bandwidth of around 2.5%. From the
measured frequency responses (Figures 9 and 20) of the standard EC-
SRR and the proposed multilayer BC-SRR, there is 35% reduction in
resonant frequency and circuit size is reduced by 50%. Thus, there is

Figure 19. Fabricated two-layered broadside coupled filter.
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significant reduction in both the resonant frequency as well as in the
size of the proposed multilayer filter.

The frequency shift between the simulated and measured results
(Figures 18 and 20) of the proposed multilayer BC-SRR structure is
due to the presence of air gap between the fabricated bottom and
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Figure 20. Measured frequency response (|S21|qp and [S11]q) of the
fabricated filter.
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Figure 21. Simulated |S21|qp frequency response with air gap between
the layers.
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top layers. The air gap between the layers is inevitable when crude
fabrication is done by means of a milling machine. To study the
effect of the air-gap between the layers, simulations were performed
using the EM software Ansoft HFSS. The simulations proved that
even a very small air-gap causes a significant frequency shift. Shift
in resonant frequency towards higher frequencies with air-gap of
0.0lmm to 0.05mm between the two layers is shown in Figure 21.
Thus, the frequency shift between simulation and measurement results
can be eliminated with a better fabrication process, such as the
low temperature co-fired ceramic (LTCC) fabrication technology. In
addition to higher degree of miniaturization, another advantage of
this proposed method is that several layers can be vertically stacked
without the need of ground plane or vias or apertures between the
resonator layers to achieve coupling.

.y

(a)

==

(b)

(d)

Figure 22. Bandpass filter (a) with open-loop resonators, (b) EC-
SRRs, (c) conventional BC-SRRs, (d) proposed two-layered BC-SRRs.

(L=16mm, w = 2mm and s = 1.2mm).
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Table 1. Comparison of resonant frequencies for the four bandpass

filters.
Bandpass Filter Resonant Frequency
Open—I.Joop Resonators 1063.3 MHz
(Figure 22(a))
Edge coupled SRRs
1065 MH
(Figure 22(b)) z
Conven.tlonal BC-SRRs 385 Mz
(Figure 22(c))
Proposed two-layered BC-SRRs
656 MH
(Figure 22(d), 728 MHz) z

3.3. Comparison of Various Bandpass Structures to
Illustrate Miniaturization

The level of miniaturization is compared for various bandpass
filters using open-loop resonators, edge-coupled split-ring resonators,
conventional broadside-coupled resonators and proposed two-layered
broadside-coupled resonators. The side-length of all resonators (L)
equals to 16 mm, width of the conductor (w) is equal to 2mm and
the separation or coupling space (s) between the resonators is 1.2 mm.
In other words, all the four bandpass filter structures have the same
circuit size (33.2mm x 16 mm). Figure 22 shows the four simulated
bandpass filters and comparison of the resonant frequencies for the
structures is shown in Table 1.

4. CONCLUSIONS

Microwave filters using single and multilayer coupled resonators were
investigated. Most of the previous work on multilayer filters made
use of aperture coupling in the ground plane using LTCC and MMIC
technologies. The method proposed in this paper eliminates the
need for having apertures in the ground plane to achieve coupling
among the resonators or vias and resonator layers can be easily
stacked. The new method for realizing broadside coupled filters can
produce large reduction in resonant frequency compared to the other
typical structures. Among the structures presented, the cross-coupled
bandpass filter designed using stacked split-ring resonators realized
the most miniaturization. There is 35% reduction in the resonant
frequency compared to standard cross-coupled EC-SRR structure and
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25% reduction in resonant frequency when compared to the single
substrate BC-SRR structure. Since a milling machine was used to
fabricate the two-layered or stacked structure, air gaps between the
two layers are inevitable. The effect of air gap between the multi-
layered structures on the resonant frequency is also analyzed. Presence
of small air gaps can cause significant frequency shift.
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