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ABSTRACT A compact quint-band bandpass filter using an electromagnetic bandgap (EBG) material is
proposed. To the best of authors’ knowledge, this is the first quint-band filter using the EBG material. The
quint-band EBG filter consists of EBG substrate and five sets of lumped capacitors. In comparison with
other quint-band filters using stepped impedance resonator, the EBG filter has advantages including high Q,
a wide stopband, and good band-to-band isolation. The employment of external capacitors makes it possible
to control each passband’s working frequency. This paper provides a simple and effective method to design
a quint-band filter with a low insertion loss and a compact size. Experimental verification is provided, and
a good agreement has been found between simulation and measurement. The measured return loss of the
five passbands is better than 13.0 dB, and band-to-band isolation is better than 29.0 dB. The spurious signal

suppression in the upper frequency range from 3.36 to 10.0 GHz is higher than 20.0 dB.

INDEX TERMS EBG filter, quint-band, high Q, compact size, frequency controllable.

I. INTRODUCTION

In the process of rapid evolution into microwave wireless
communication, the demand for multi-band/multi-functional
microwave systems that support various modern services
has increased rapidly. Such systems require microwave cir-
cuits and components can handle several different frequency
bands.

Multi-band filters have been researched intensively and
various design approaches have been proposed [1]-[8].
A miniaturized quad-band bandpass filter (BPF) was imple-
mented on high-k substrate by using screen-printing tech-
nique [1]. In [3], two types of dual-band BPFs were designed
and combined to realize a quad-band BPF. In [4], by using
asymmetric stepped-impedance resonator (SIR), stopband
bandwidth of the quad-band BPF is extended. To improve
frequency selectivity, meandering structures are utilized to
suppress un-wanted passbands or obtain transmission zeroes
in [5]. However, there has been little research about quint-
band and sext-band BPFs in the past literature [6]—[8]. This is
because, for the quint-band and sext-band case, it is usually
difficult to simultaneously satisfy all the design conditions
required for the five and six bands. A double-layered structure
with more design flexibility is utilized to provide a multipath

for different bands in [6]. In [8], a tri-mode stub-loaded SIR
was utilized to implement a third-order BPF with a transmis-
sion zero near the passband.

To the best of authors’ knowledge, most of the reported
quad-band, quint-band, sext-band BPFs are using SIR. Due
to moderate selectivity of SIR and its spurious passbands,
resonators are designed with different structures to suppress
the spurious passband [4], [S] or introduce transmission
zeros [5]-[8] for improving selectivity. Therefore, the
reported filters presented good electrical performances while
noticing that circuit sizes and structures complex were
compromised.

In this paper, a high Q configurable quint-band electro-
magnetic bandgap (EBG) filter is proposed extending our
previous work [9]. A quint-band filter is constructed by
EBG material and lumped capacitors using two-layer PCB
manufacturing technique. The employment of external capac-
itors makes it possible to control each passband’s working
frequency. Specific working frequency can be chosen on
demand by changing capacitor’s value. Compared with pre-
vious work, the proposed filter has advantages of compact
size, a wide stopband, good band to band isolation, and easy
fabrication.
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Il. CEBG RESONATOR DESIGN

Implemented in a common two-layer PCB, the 3D diagram
of configurable electromagnetic bandgap (CEBG) resonator
is shown in Fig. 1(a). Energy transition and coupling circuits
are designed on the top copper layer of PCB as depicted
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FIGURE 1. Schematic of proposed resonator design: (a) PCB with
generalized lumped capacitor as loading element; (b) Top view of the
proposed resonator; (c) Bottom view of the resonator; (d) Cross section
view of the resonator; (e) Equivalent circuit model of the resonator.

63704

in Fig. 1(b). This circuit utilizes Co-Planar Waveguide (CPW)
on top plate to couple energy into the EBG substrate [10].

Electroplated copper posts serve as the periodic lattice in
EBG substrate and connect the top layer with the bottom
one. Spacing between posts was firstly determined by fol-
lowing what has been published in [11]. In order to achieve a
compact size, the spacing then is significantly reduced based
on scalable properties of EBG structure. This is because,
in a scaled EBG material, new electromagnetic mode and
its frequency can be obtained by simply rescaling the old
electromagnetic mode and its frequency [12]. EM simulation
was used to determine final spacing between those posts.
High pass resonator is created by evanescent sections which
confine fields inside. The small spacing between posts also
contributes to an effective energy confinement. A broad elec-
tromagnetic bandgap is contributed by those periodic posts,
so that a wide spurious free range can be obtained by the
resonator. Qyugiation Of corresponding resonator is extracted
from simulation results by commercial EM software Ansoft
HFESS. As presented in [9], Qudiarion approximately equals
to O, (unloaded quality factor) which is 41000 at 3.50 GHz.

One air gap separating metal pad from surrounding ground
plane in the bottom copper layer is used for surface mounted
capacitor as depicted in Fig. 1(c). Lumped capacitor surface
mounted between the metal pad and RF (radio frequency)
signal ground is connecting in parallel with copper post
standing on the metal pad and LC resonance is contributed
by the parallel circuits. The resonator’s resonant frequency
is mainly determined by capacitance of a surface mounted
capacitor and inductance attributed to copper post connected
with the lumped capacitor. The final cross section of the
CEBG resonator is shown in Fig. 1(d).

An equivalent circuit model of the resonator is developed
and shown in Fig. 1(e). It consists of one parallel LC resonator
with input and output transformers which represent external
energy coupling. The C, of this resonator is given by:

Cr = Corig + Clumped (D
The resonant frequency can be approximated by:
1
w =
\/Lurig(corig + Clumped)

In (2), Cumpea is capacitance value of surface mounted
lumped capacitor, Ly and Coyig stand for original induc-
tance and capacitance of EBG substrate, respectively. Q,, of
the resonator is given by:

@

1 1 1,
Ou=( + + ) (3)

Qconductor Qdielectric Qradiation

In (3), 1/ Quiciectric = tan § which is loss tangent of filter’s
substrate material. From (2), it is noted filter’s working fre-
quency depends on lumped capacitor’s value, which can be
changed to tune the filter’s frequency. Since the filter’s tuning
frequency range depends on the external capacitors and since
it does not rely on size and height of via post, the resonator’s
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size can be significantly reduced. This design allows for an
increased degree of design freedom.

By utilizing commercial EM software Ansoft HFSS, a res-
onator with dimensions shown in Table 1 is simulated and
the simulation results are shown in Fig. 2. Please note the
length and width of the resonator are only 2.5 mm and 2.0 mm
respectively. O, can be extracted from the simulation results
using equations (4-6) [13].

Jo
Qloaded = 7 (4)
Af
—[821(dB)/20
Qexternal =10 [521(dB)/201 Qloaded (5)
-1 _ -1 -1
Qu - Qloaded — Xexternal (6)
TABLE 1. CEBG resonator dimensions.
Parameters L w Sy Sy Dp Ws D
Value/mm | 2.5 | 2.0 | 0.65 | 0.9 | 038 | 0.11 | 0.2
200
-30.0
o 400
z
=500
D 600
-70.0
8005, 3.2 3.4 3.6 3.8 4.0

Frequency (GHz)

FIGURE 2. Simulated |S,; | of the CEBG resonator with high Q surface
mount capacitor.

The extracted Q, of the resonator is 234 (Af = 16.6 MHz
and Sp; = —20.04 dB).

A wide spurious free range of the resonator is obtained
shown in Fig. 3. The resonator’s upper stopband with -35 dB
attenuation level is extended to 40.0 GHz. Simulated electric
and magnetic fields of the resonator are shown in Fig. 4.
As can be seen in Fig. 4(a), magnetic fields mainly surround
a middle post standing on bottom metal pad. At resonance
frequency, signal current flows through the middle post and
surface mounted lumped capacitor. To simulate electric fields
of the resonator, lumped RLC boundary is used to represent
surface mounted lumped capacitor. The RLC boundary was
applied between the circular metal pad and RF signal ground.

|Sz1] (dB)

10 60 110 160 210 260 310 360 40.0

Frequency (GHz)

FIGURE 3. Simulated |S,;| and wide stopband of the CEBG resonator.
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FIGURE 4. Magnetic and electric fields in a single resonator: (a) Magnetic
field vectors; (b) Electric fields.

The simulation result is shown in Fig. 4(b). Electric field
mainly concentrated around the surface mounted lumped
capacitor.

Ill. CEBG QUINT-BAND FILTER DESIGN

By integrating five pairs of CEBG resonators, 3D diagram of
the designed quint-band filter is shown in Fig. 5. As shown in
Fig. 5(a), energy transition and coupling circuit is designed
on top layer. Please note that to obtain low insertion loss of
all five passbands, energy coupling circuit not only requires
to couple energy for all the resonators but also requires to
have a broadband coupling capability since the passbands are
located in a wide frequency range. In order to avoid energy
concentrating on few of the resonators which lead to a big
difference regarding insertion loss for five passbands, a CPW
power divider following the design procedure outlined in [14]
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FIGURE 5. Schematic of a quint-band CEBG filter design: (a) 3D diagram
of a quint-band filter with generalized lumped capacitors surface
mounted on bottom plate of the filter; (b) Top view of the proposed filter;
(c) Coupling structure of the proposed quint-band BPF.

is used to equally separate and couple energy to all resonators
as shown in Fig. 5(a). Energy transmitted through the CPW
power divider is required to be transformed from CPW mode
to slotline mode for efficient energy coupling. To enhance
coupling efficiency to the EBG substrate, an electric short
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circuit at the end of the CPW and a co-existing electric
open circuit of slotline are required. While different CPW
to slotline transition circuits had been analyzed and demon-
strated with a relative broadband [15], their sizes are not
suitable for integration and energy coupling in compact filters
design. A CPW to slotline transition and coupling circuit is
redesigned shown in Fig. 5 for achieving both broadband
performance and compact size. Broadband energy transition
and coupling is achieved by utilizing circular open slots [16].

This proposed filter has five sets of resonators as shown
in Fig. 5(b). The resonant posts are standing on metal pad and
connecting with lumped capacitors. The first one consists of
Res1 (Resonatorl) and Res2 working at the same frequency
and determines the first working frequency band of the filter.
Resonator (3, 4)/(5, 6)/(7, 8)/(9, 10), represent the second,
third, fourth, and fifth set respectively and contribute to other
four frequency bands. Please note that these ten resonators
share a common EBG substrate with a compact size. The
surrounding copper vias are preventing energy from leaking
out. Fig. 5(c) shows the coupling structure of the proposed
circuits, wherein the gray circle indicates the source and
load, the black circle means a CEBG resonator, the dot line
represents the coupling between feeding lines and resonators,
and the solid line indicates the magnetic coupling between
resonators. The posts between two resonators can be used to
control magnetic energy coupling between those resonators.
The value denotes the channel number. It is clear that each
passband can be designed independently by a set of res-
onators.

In this study, resonator (1, 2)/(3, 4)/(5, 6)/(7, 8)/(9, 10)
operate at 1.53, 1.9, 2.35, 2.86, and 3.3 GHz, respec-
tively. The fractional bandwidths of these five channels are
FBW; = 191 %, FBW, = 1.13 %, FBW3 = 1.62 %,
FBW;s = 1.05 %, and FBWs = 0.97 %. For 0.1 dB
Chebyshev response, the element values are go = 1, g1 =
0.8431, g2 = 0.622, g3 = 1.3554.

Based on the above specification, the design parameters
are determined. 11.6, 7.9, 4.8, 3.5, and 2.5 pF capacitors are
surface mounted for the first to fifth set of resonators respec-
tively. The required coupling coefficients can be obtained
by Mjj = FBW./ (g182)*3, n = 1,2, 3,4, 5 [17], where
M;; is the coupling coefficients between resonator i and
resonator j. The required coupling coefficients are M;» =
0.018, M34 = 0.012, M5 = 0.017, M73 = 0.011, and
Moy 10 = 0.0104. Fig. 6 shows the extracted coupling coef-
ficient versus the diameters D,,; including D,,1, D2, D3,
D4, and Dy,;5. The diameters of posts between resonators can
be designed based on the required coupling coefficients. The
input/output external quality factor can be found as Qg in =
8081/FBW,, = g283/FBW, = Qen,our, Where Q,, represents
the external quality factor for each passband, and they are
Qel,in = 4414 = Qel,outs QeZ,in = 7461 = Qe2,0ut’
Qe3,in = 52.04 = Qe3,0uts Qe4,in = 80.29 = Qe4,out’ and
Qes.in = 86.92 = Q,5.0u:- The length of coupling slotline
and radius of coupling circular slot determine the required
external quality factor.
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FIGURE 6. Extracted coupling coefficients.

By utilizing commercial EM software Ansoft HESS,
a quint-band filter is simulated with optimized dimensions
shown in Table 2.

TABLE 2. CEBG quint-band filter dimensions.

Parameters | Value/mm | Parameters | Value/mm

L 52.0 Ws 0.3

w 40.0 Dp 1.8

Sy 6.0 Lytor 3.0

Sy 6.0 Wy 1.62
D, 0.95 Lyl 4.0
D, 1.06 Ly2 7.8
D,; 1.0 Ly3 13.0
D,y 1.18 D 12
Dys 13 Re 20

The filter’s S parameters are simulated shown in Fig. 7.
Keeping the other four passband’s capacitor of 7.9 pF,
4.8 pF, 3.5 pF, 2.5 pF unchanged and increasing the first
passband’s capacitor’s value from 10.6 to 12.2 pF, its cen-
ter frequency is shifted from 1.57 to 1.49 GHz and the
insertion loss is increased from 1.2 to 1.5 dB, while per-
formances of other four passbands are barely changed.
Please note magnetic energy coupling dominates between
resonators and the passband’s fractional bandwidth is deter-
mined by magnetic energy coupling coefficient between
resonators. Consequently, even though lumped capacitor
changes, the passband’s fractional bandwidth is not changed
as shown in Fig. 7(a). Similarly, when changing the second
passband’s capacitance value from 8.7 to 7.1pF and keeping
the other four passbands’ capacitors unchanged, the second
passband’s center frequency shifts from 1.78 to 1.91 GHz
and insertion loss increases from 0.87 to 0.95 dB. Again it is
noted that performances of other four passbands are barely
changed. Control of the third, fourth, and fifth passband’s
center frequency is shown by Fig. 7(c), Fig. 7(d), and Fig. 7(e)
respectively. It is clear from those simulation results that
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FIGURE 7. Simulated working frequency change of each passband with
little influence on other passbands: (a) First passband; (b) Second
pandband; (c) Third passband; (d) Forth pandband; (e) Fifth passband.

keeping four passband’s capacitance unchanged and chang-
ing the rest one’s capacitor value, its center frequency
shifts with little influence on performance of other four
passbands.
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FIGURE 8. Simulated electric and magnetic fields in the quint-band filter:
(a) and (b) Magnetic field vectors and electric fields at center frequency
of third passband; (c) and (d) Magnetic field vectors and electric fields at
center frequency of first passband.

The simulated magnetic and electric fields of a quint-
band filter are shown in Fig. 8. With lumped capacitor’s
value of 4.8 pF, Resl and Res2 are contributing the third
passband with center frequency of 2.35 GHz. As shown
in Fig. 8(a) and (b) simulated at 2.35GHz, the magnetic field

63708

vectors of the filter are mainly observed in the middle of
resonant posts of Res1 and Res2, while electric fields mainly
concentrate around air slots with surface mounted lumped
capacitor. Examining another case, Res5 and Res6 with
surface mounted capacitors of 11.6 pF give rise to the first
passband with center frequency of 1.53 GHz. At 1.53 GHz,
the filter’s magnetic field vectors and electric fields are
simulated shown in Fig. 8(c) and (d), illustrating the same
observation of magnetic and electric field distribution as
noted in 8(a) and (b). This confirms a low coupling coefficient
among each passband filters in our design.

IV. EXPERIMENTAL RESULTS

Fig. 9 shows photographs of the fabricated filter with attached
SMA connectors. Rogers RO4350 substrate with a dielectric
constant of 3.66, a thickness of 1.524 mm and a loss tangent
of 0.004 is used for experimental work. In implementing the
filter, a standard two layer PCB process is used to construct
the metal via posts, top and bottom metal plates.

FIGURE 9. Photographs of fabricated CEBG quint-band filter: (a) Top view
of filter; (b) Bottom view of filter.

ATC600L 0402 (0.5 mm x 1.0 mm) series lumped capac-
itors are chosen due to their small size and relatively high Q
factor. Bottom view of the filter surface mounted by capac-
itors is shown in Fig. 9(b). Note that Q factor of a capaci-
tor decreases as frequency increases and a capacitor with a
smaller capacitance value yields a higher Q factor for a given
frequency [18]. Please also note that filter’s performance will
be degraded by a low Q lumped capacitor. As presented in [9],
insertion loss and Q,, of CEBG filter depend on Q factor of
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FIGURE 11. (a) Frequency responses of the designed (dash line) and
fabricated (solid line) filters in the narrow band; (b) The frequency
response of the fabricated filter in the wide band.

the surface mount lumped capacitor. As the Q of capacitor
reduces, insertion loss and Q, of the filter worsens while
maintaining the same bandwidth. To obtain a big capacitance
and high Q, small value lumped capacitors are connected in
parallel shown in Fig. 9(b). Equivalent circuit of a parallel
capacitor network is shown in Fig. 10.

Suppose capacitance value of every lumped capacitor is the
same:

Ciotat = C1 4+ C2 + C3 4+ C4 = 4C, @)
R RiR2R3R; kK
rotal = RyR3Rs + RiR3Rs + RiRoRs + RiRyR3 4
8

Q of the capacitor network is :

1
C 1
Q(tOtal) — @0 Crotal — —
total @0 Crotai Riotal

=Q(Cy)
(&)

woC1Ry
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FIGURE 12. Measured working frequency change of individual passband

with little influence on other passbands: (a) Third passband; (b) Fourth
pandband; (c) Fifth passband.

From (9), the capacitor network with bigger capacitance
value has same Q with a small value capacitor suggesting
that the filter with surface mounted capacitor network work
at low frequency with high Q. Since working frequency of
the filter depends on the external capacitors and since it does
not rely on size and height of via post, this design allows for
an increased degree of design freedom. The fabricated filter
was measured using an Agilent N5230C network analyzer.
A short-open-load-through calibration was adopted for filter
measurement.

Simulated and measured results of the quint-band filter
are shown in Fig. 11. The five passbands centered at 1.53,
1.9, 2.35, 2.86, and 3.3 GHz have fractional bandwidth
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of 1.91 %, 1.13 %, 1.62 %, 1.05 %, and 0.97 %. The mea-
sured minimum insertion losses of five passbands are 2.2,
3.6, 2.5, 2.6, and 5.4 dB respectively. Return losses of the
five passbands are better than 13.0 dB. The measured loss
is dominated by Q of lumped capacitors, which lead to an
effective 9, of 163 for the filter. From the measurement
results, band to band isolation of the filter is better than
29.0 dB. The spurious signal suppression in the upper fre-
quency range from 3.36 to 10.0 GHz is higher than 20.0 dB
shown in Fig. 11(b). The effect of center frequency tuning
of an individual band on other bands in our filter design is
depicted in Fig. 12. Center frequency of one passband can be
customizable adjusted without compromising performances
of other four passbands. The performance attributes of our
filter are compared with other multi-band filters is shown
in Table 3. As can be seen, the proposed filter achieves state-
of-the art performance with a compact footprint on the design,
a wide spurious free range and five configurable passbands.

TABLE 3. Comparison with previous multi-band BPFs.

Center .
RT CFB Pass Stop BW Freq. FIOBW Slzze
band | (20aB) | i | ) | 6
2501
0] | swmo| v 4 6063 | 2724 ghg | 32
3.5/52
/4
5501
21 | s | o/ 4 / L3238 500, 0.00
6/4.6
43
3.15/
155279/ | 334/
Bl | SR}/ 4 ! 320447 | 3102 | 002
33
1612
M | sr | v 4 75135 | 2¥35 g0 | oos
268 o
131
5] | s | v 4 5.8-6.3 1'55//25'55/3‘ 90, | 0.036
: 5/0.9
58/5
0.6/0.9/1. | 2/5.
(8] | SIR |/ 3 / 21518 | 882 | 023
I3
191/
This 1531972 | 1.13/
wor | EBG | Yes 5 336-10.0 | 3528653 | 1.62/ | 021
X 3 1.05/
0.97

RT: resonator type; CFB: configurable; BW: bandwidth; FBW: fractional
bandwidth.

V. CONCLUSION

In this paper, a compact quint-band BPF has been presented
based on EBG material with detailed design procedure and
analysis. To the best of authors’ knowledge, this is the first
quint-band filter ever reported using EBG material. The pro-
posed circuits successfully integrate five pairs of high Q EBG
resonators into one quint-band BPF with good band to band
isolation and without additional matching junction. Since
each pair of resonators determines a respective passband
characteristic, the proposed BPFs show high degree of design
freedom. The frequency locations of all the passbands can
be adjusted independently by controlling external lumped
capacitor. Measured results reveal that the filter achieves a

63710

compact size, good quint-band performance, low insertion
loss, good selectivity at passbands edges and wide stopband.
This study provides a simple and effective method to design a
quint-band bandpass filter without complex fabrication pro-
cess. The superior features indicate that the proposed filter
has a potential to be utilized in multi-service wireless com-
munication systems.
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