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Abstract—In this paper, the designs of two novel tapered
dual-plane compact electromagnetic bandgap (C-EBG) microstrip
filter structures are presented. With the dual-plane configuration,
the proposed structure displays an ultrawide stopband with high
attenuation within a small circuit area. Chebyshev distribution
is adopted to eliminate ripples in the passband caused by the
periodicity of the EBG structure. This gives rise to a compact
EBG structure that exhibits excellent transmission and rejection
characteristics in the passband and the stopband, respectively.
The proposed structures are implemented and the measurement
results are found to be in good agreement with the simulation
results, verifying the excellent stopband and passband perfor-
mance obtained using the proposed configuration. These novel
structures are easy to fabricate and are promising structures
that have wide applications for compact and high performance
circuit component designs in microwave circuits.

Index Terms—Bandstop filters, dual-plane, electromagnetic
bandgap (EBG) structures, low sidelobe array theory, microstrip
filters, tapering functions, tapering techniques.

I. INTRODUCTION

LECTROMAGNETIC bandgap (EBG) structure has been

a term widely accepted nowadays to name the artificial
periodic structures that prohibit the propagation of electromag-
netic waves at microwave or millimeter wave frequencies. The
three-dimensional (3-D) artificial periodic bandgap structure
was introduced at optical frequencies [1]-[3] and known as
photonic bandgap (PBG) structure. Due to the scalability of the
periodic structure, relevant research work has progressed into
the field of microwave, millimeter wave, and infrared.

The unique feature of EBG structures is the existence of the
bandgap where electromagnetic waves are not allowed to prop-
agate. It has been widely applied as the substrate of planar mi-
crowave circuits such as patch antennas to suppress the surface
waves [4], [5] and power amplifiers to reduce the harmonics [6].
The planar EBG structure was introduced in [7] where planar
periodic elements are etched in the ground plane. It has the ad-
vantage of ease of fabrication and yet capable of maintaining
a similar control on the wave propagation in the structure to
that in the EBG structure with 3-D periodic elements. The only
drawback of planar structures is that they are not able to pro-
hibit the wave propagation in the entire 3-D space. Nevertheless,
planar EBG structures are compatible with microstrip circuits
thus making them attractive as microstrip filters.
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A microstrip line with an array of patches etched in the
ground plane exhibits a prominent bandgap in the transmission
along the conducting line [7]. Due to the high confinement
of electromagnetic waves around the transmission line, the
well-known one-dimensional (1-D) EBG microstrip reflector
was proposed [8] where a single column of etched periodic
elements below the line is sufficient to obtain a bandgap when
the Bragg reflection condition is satisfied. A bandgap can be
obtained in the EBG microstrip structure when the geometry
of the etched patch is changed or when the periodic elements
are introduced in the microstrip line [9], [10]. Defected ground
structure (DGS) has a defect with unique geometry and is able
to exhibit an attenuation pole even with a single unit [11].

Several approaches have been taken to enhance the stopband
performance of 1-D planar EBG microstrip Bragg reflectors
while maintaining a reasonable ripple level in the passband and
keeping a small physical size. For example, in order to design a
high performance bandstop filter that exhibits a wide stopband
with high attenuation in a relatively small physical area, a me-
ander 1-D EBG microstrip structure was proposed [12]. In [13],
a compact EBG bandstop filter structure with a wide stopband
was proposed by combining a 1-D periodic DGS and a modu-
lated microstrip line. This structure is able to introduce an in-
crease in the bandwidth of the stopband while maintaining a
small ripple level in the lower passband.

A novel tapered dual-plane compact EBG (C-EBG) mi-
crostrip filter structure has been introduced in [14]. Due to the
dual-plane configuration and the adopted tapering technique,
the proposed structure exhibits superior passband and stopband
characteristics. In this paper, the characteristics of the novel
unique dual-plane configuration of the proposed design are
studied in detail. A comprehensive study on the tapering tech-
niques in the application for 1-D EBG microstrip structures is
presented including formulas and a comparison of the effects of
different tapering techniques. In Section II, the two single-plane
EBG structures that are used to construct the proposed C-EBG
structures are studied. The relative location of the single-plane
EBG structures and its effects on the performance of the C-EBG
structure are examined and analyzed. A comparison between
the performances of the proposed structure and its associated
single-plane EBG structures is included. In Section III, a
systematical study on tapering techniques is presented. In Sec-
tion IV, two novel tapered dual-plane C-EBG microstrip filter
structures with significant elimination of ripples are proposed
by adopting the Chebyshev distribution. The proposed C-EBG
structures were fabricated and tested. Experimental results are
presented in the same section.
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Fig. 1. Schematic of the proposed dual-plane C-EBG microstrip structure.
(a) 3-D view. (b) Top view.

II. DUAL-PLANE CoMPACT EBG (C-EBG) MICROSTRIP
FILTER STRUCTURE

Fig. 1(a) and (b) shows the 3-D schematic and top view of the
proposed dual-plane compact EBG (C-EBG) microstrip struc-
ture, respectively. As can be seen in Fig. 1(a), the proposed
structure consists of the two single-plane EBG structures. One
of which is a ground plane with etched circles, while the other
is a modulated microstrip line. Between these two planes, there
is a dielectric material with a relative permittivity of ¢, and a
thickness of h.

A. Single-Plane EBG Microstrip Structures

The single-plane EBG microstrip structure consisting of a
single column of circles with uniform dimension etched in the
ground plane below a simple straight transmission line is a typ-
ical 1-D planar EBG microstrip structure. By etching circles in
the ground plane, the coupling between the transmission line
and the ground plane is reduced and therefore additional induc-
tance is seen by the microstrip line. This 1-D planar EBG struc-
ture exhibits a bandgap when the Bragg reflection condition is
satisfied [8].

The distance between the centers of two adjacent circles de-
fines the period of the structure a;. According to the Bragg
reflection condition, the period a; is approximated by the fol-
lowing expression:

Bra;=m D

where (3 is the guided wavenumber in the substrate material and
is described by the following equation:

B=+ @

2657

where )\, is the guided wavelength and is given by
c
Ao fo - eett ®
where fj is the center frequency of the stopband, e.g is the ef-
fective permittivity of the substrate material, and c is the speed
of light in free space. From (1) and (2), the period a1 equals
half of the guided wavelength )\, as expressed by the following
equation:
Ag
a; = B - (4)

The radius of the circle is represented by 7. The ratio of r and
ay (r/aq) is called filling factor which is used to indicate the
relative size of the EBG cell to the period of the structure. In the
case where there is no overlap between any two adjacent circles,
it ranges from O to 0.5. For an EBG structure with uniform dis-
tribution, Radisic et al. [7] have shown that a large filling factor
introduces a wide and deep stopband while increasing the ripple
level in the passband. In [7], the optimal value of r/a; is found
to be 0.25 where a good compromise between the stopband and
passband performance can be obtained.

The other single-plane EBG structure used is the modulated
microstrip line with no etched holes in the ground plane, as can
be seen on the top of the proposed C-EBG structure (Fig. 1). It
is a modulated microstrip line with rectangular patches periodi-
cally inserted in it. A prominent stopband can be obtained in the
transmission of this microstrip line.

In Fig. 1(b), the length and width of the patch is represented
by [, and w,, respectively. The width of the microstrip line is
w. In this EBG structure, the variation range of w, is expressed
as

Wy > w. )

With a width that is larger than the width of the microstrip line,
the EBG unit increases the coupling between the microstrip line
and the ground plane, and accordingly increases the capaci-
tance. Moreover, these patches guarantee the power-handling
capability of the transmission line. The structure also satisfies
the Bragg reflection condition and therefore, the period of the
structure a» can also be determined by (4).

B. Dual-Plane C-EBG Microstrip Structure Design

The proposed C-EBG structure is designed by superposing
the two single-plane EBG structures mentioned above to obtain
a dual-plane configuration, resulting in a structure shown in
Fig. 1. The center frequency of the EBG structure on each plane
is identical. According to (3) and (4), a1 equals as. As can be
seen in Fig. 1(b), with the dual-plane arrangement, the proposed
C-EBG structure is able to increase the variation of reactance
in the longitudinal direction due to the additional equivalent
inductance and capacitance introduced by the etched circles
and the inserted patches, respectively. Therefore, its stopband
performance can be enhanced. In this C-EBG structure, the
relative location between the two single-plane EBG structures
is the key factor in deciding the enhancement of the stopband
performance.
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Fig. 2. Simulated S5; parameters of the dual-plane C-EBG structures with a
varying d’ and d = 5.18 mm.

C. Effects of Relative Location Between the Two Single-Plane
EBG Structures

Due to the dual-plane configuration, the relative location of
the single-plane EBG structure on each plane (d’ and d) has sig-
nificant effects on the performance of the proposed structure.
The transversal alignment offset d’ and the longitudinal offset d
are illustrated in Fig. 1(b). d’ is defined as the distance between
the central axis of the circles and the longitudinal center line of
the modulated microstrip line in the transversal direction. d is
defined as the short distance between the centers of the adjacent
etched circle and rectangular patch in the longitudinal direction.
It ranges from 0 to a1 /2(or as/2), and periodically repeats any-
where else. d’ and d indicate the relative location between the
two single-plane EBG structures in the transversal and the lon-
gitudinal direction, respectively.

The method-of-moments (MOM)-based software, Zeland
IE3D is used to simulate the proposed dual-plane C-EBG
microstrip structure (Fig. 1). The simulation model consists of
a microstrip line with five inserted square patches and a ground
plane with six etched circles. The substrate used is Taconic
with a dielectric constant (&,.) of 2.43 and a thickness (k) of
30 mils. To operate in the X -band range, the center frequency
of each single-plane EBG structure is set to be 10 GHz. There-
fore, according to the Bragg reflection condition, the period of
the EBG structure a; and as are both 10.35 mm. The width
of the microstrip line w is set to 2.29 mm, corresponding to
a characteristics impedance of 50 2 at 10 GHz. The filling
factor (r/aq) is set to its optimal value of 0.25. Using this
optimal filling factor, the radius of the circle is determined to
be 2.59 mm. The length and the width of the inserted patch in
the microstrip line [/, and w, are both fixed to 5 mm.

Fig. 2 shows the simulated S2; parameters of the C-EBG
structures with a fixed d = 5.18 mm and a varying
d’ = [0 mm,1.87 mm, 3.73 mm]. As can be seen in Fig. 2,
as d’ increases, the 10-dB stopband bandwidth reduces from
7.91 to 5.70 to 3.55 GHz. The C-EBG structure with circles
etched exactly below the microstrip line (d = 0 mm) shows
the largest stopband bandwidth. The performances of these
three C-EBG structures are tabulated in Table I. As shown in
the table, a decrease in d’ gives rise to an increase in both the
bandwidth and the attenuation within the stopband. However,
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TABLE 1

SIMULATED PERFORMANCES OF DUAL-PLANE C-EBG STRUCTURES.
C-EBG 10 dB Attenuation | Ripple Level (dB)
Structure Bandwidth (dB) Lower Higher
d’ =3.73mm, | 3.55GHz 21.46 1.64 2.57
d = 5.18 mm
d’ = 1.87 mm, 5.70 GHz 41.67 2.64 5.20
d = 5.18 mm
d’ = 0 mm, 7.91 GHz 50.72 3.97 8.80
d = 5.18 mm
d’ = 0 mm, 5.55 GHz 45.58 3.80 8.87
d = 2.59 mm

o
=2
I
w2
Frequency (GHz)
Fig. 3. Simulated S>; parameters of the dual-plane C-EBG structures with a

varying d and d’ = 0 mm.

as d’ decreases, the ripple level in both the higher and the lower
passband increases. It is also observed that due to the higher
insertion loss at high frequencies, the ripple level in the higher
passband is always larger than that in the lower passband.

The results reveal that in the proposed dual-plane C-EBG
structure, an increase in the transversal alignment offset d’ de-
grades the stopband performance significantly with only a slight
improvement in the passband performance. This is because the
equivalent inductance introduced by the etched circles dimin-
ishes with an increase in d’ due to the high confinement of fields
around the microstrip line. d’ = 0 mm is the optimal location
to significantly enhance the stopband performance because it
gives the largest variation of equivalent reactance in the C-EBG
structure.

Fig. 3 depicts the simulated S3; parameters of the dual-plane
C-EBG structures with a fixed d = 0 mm and a varying d =
[5.18 mm, 2.59 mm, 0 mm]. When d = 5.18 mm, there is no
overlap between the etched circle in the ground plane and the
inserted patch in the microstrip line; when d = 2.59 mm, the
etched circle partially overlaps the inserted patch; and when d =
0 mm, they almost totally overlap each other. As can be seen in
the figure, when d = 0 mm, no stopband is observed since the
additional capacitive effect introduced by the inserted square
patches cancels the inductive effect introduced by the circles
of similar size etched in the ground plane. The performances
of the two C-EBG structures with a stopband are included in
Table I. As shown in the table, when d is decreased from 5.18 to
2.59 mm, the stopband performance of the C-EBG structure is
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degraded in terms of bandwidth and attenuation. Its ripple level
in the higher passband increases while its performance in the
lower passband is slightly improved.

The results obtained imply that the longitudinal offset d
considerably affects the stopband performance of the proposed
dual-plane C-EBG microstrip structure while its effect on the
passband performance is minor. The bandwidth and attenu-
ation of the stopband decrease with a decreasing d. This is
because the reduction in the longitudinal offset introduces a
section of microstrip line without the inductive effect, and an
overlap between the etched circle and the inserted patch where
the inductive effect introduced by the etched circle cancels
out the capacitive effect introduced by the inserted patch. It
equivalently decreases the variation of reactance along the
transmission line, thus degrades the stopband performance.
From the analysis, the optimal configuration of the C-EBG
structure happens when there is no overlap between the EBG
units on the two different planes.

In the design of the proposed dual-plane C-EBG structure,
a large variation of equivalent reactance can only be obtained
when both the longitudinal offset d and the dimension of EBG
units on both planes are properly determined. In the C-EBG
structure with d set to a1 /2 (or az/2) and a fixed radius of the
circle r (r/a1 = 0.25), the length of the inserted patch [, is
determined by the following expression:

lo <ai—2r (6)

to avoid any overlap between the etched circle and the inserted
patch. The variation of equivalent reactance along the microstrip
line is proportional to [, when w, is fixed. Thus, when [, = a1 —
2r, the variation is maximized and a good stopband performance
can be obtained. With d = 0 mm, d = 5.18 mm, and [, =
5 mm, the proposed dual-plane C-EBG structure satisfies the
condition in (6). It has the optimal relative location of the two
single-plane EBG structures and a [, = a; — 2r. Therefore, it
shows a highly attenuated stopband with a large bandwidth.

D. Comparison Between Single-Plane and Dual-Plane EBG
Structures

With the dimension of the EBG units set previously, the two
single-plane EBG structures; the straight microstrip line with
six circles etched in the ground plane (SP-six-circle); the mod-
ulated microstrip line on a smooth ground plane (SP-five-patch);
and the proposed dual-plane C-EBG structure with the optimal
relative location are simulated and compared. Fig. 4 shows the
simulated S3; parameters of all three structures. As can be seen
from the figure, SP-five-patch EBG structure has a 10-dB band-
width of 3.27 GHz with an attenuation of 20.17 dB, a ripple
level of 1.60 dB in the lower passband, and a ripple level of 2.55
dB in the higher passband. The bandwidth performance of this
structure is poor, however, its ripple level performance is very
promising. The 10-dB bandwidth and attenuation of SP-six-
circle EBG structure are 4.98 GHz and 34.24 dB, respectively,
while its ripple level in the lower passband is 2.77 dB and that
in the higher passband is 6.55 dB. This structure although per-
forms well in terms of bandwidth, it is inferior in terms of ripple
level. When the two single-plane EBG structures are superposed
in a compact dual-plane configuration (as shown in Fig. 1), the
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Fig. 4. Simulated S»; parameters of the dual-plane C-EBG structure and two
single-plane EBG structures.

proposed dual-plane C-EBG microstrip structure shows a band-
width and an attenuation within the stopband that are much
larger than those shown by the two single-plane EBG struc-
tures. With only six EBG cells, this proposed structure is able
to achieve a 10-dB bandwidth of 7.91 GHz with a center fre-
quency of 10 GHz. This is extremely difficult to realize by using
any single-plane EBG structure (Fig. 4). As compared to the
meander 1-D EBG microstrip structure proposed in [12], the
C-EBG microstrip structure is able to obtain a comparable stop-
band performance within a much smaller circuit area. Although
the C-EBG structure exhibits good stopband performance, it
suffers in terms of its ripple level. In this structure, the ripple
level increases to 3.97 dB in the lower passband and 8.80 dB in
the higher passband.

Like many other conventional methods to enhance a stopband
in an EBG structure, the proposed dual-plane C-EBG structure
introduces an increase in the bandwidth with high attenuation
within the stopband at the expense of a high ripple level in the
passband. Since the bandwidth and attenuation performance of
the proposed structure is greatly enhanced, it allows a compro-
mise in the stopband for a reduction in ripple level. As effective
means to optimize the performance of an EBG structure in terms
of its transmission in the passband, tapering techniques are to
be used to tailor the high ripple level in the proposed C-EBG
structure.

III. TAPERING TECHNIQUES

Tapering techniques are effective for eliminating ripples in
the passband caused by the periodicity in an EBG microstrip
structure. In some tapered EBG microstrip structures, tapering
techniques are applied by directly adopting tapering functions
(such as Hamming tapering function [15] and Kaiser tapering
function [16]) to modify the dimension of the periodic ele-
ments. The effects of adopting Bartlett, Hanning, Hamming,
Nuttall, and Kaiser tapering function on the transmission of a
1-D planar EBG microstrip structure are compared and studied
in [17]. The other approach to taper EBG structures is base
on low sidelobe array theory [18] including Binomial array,
Dolph-Tschebyscheff array (Chebyshev array), and Taylor
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array. The significant effects of Binomial and Chebyshev dis-
tribution on the passband performance of an EBG microstrip
structure have been shown by Karmakar et al. [19]. The effect
of the Taylor distribution on the performance of a 1-D EBG
coplanar waveguide (CPW) structure was shown in [20].

For a 1-D planar EBG microstrip structure with a single
column of m circles etched in the ground plane of a microstrip
line, the distribution of the dimension of the circle follows the
following expression:

bi = be - T(z;) @)
when tapering functions are applied, and
b =b. - a; ®)

when low sidelobe array theory is applied.  is an integer with a
range from 1 to m /2 in the case that m is an even number and
from 1 to (m+1)/2 in the case that rn is an odd number. b; is the
radius (or the area) of the ith circle, b.. is the radius (or the area)
of the central circle. In (7), T'(z) is the tapering function, and z;
is the normalized distance between the center of the ith circle
and the center point of the structure that can be determined by
the following expression:

24,
=

where d; is the distance between the center of the ith circle and
the center point of the microstrip line and L; is the total length
of the EBG microstrip structure. In (8), a; is the sth coefficient
in the array. In the case that m is even, the central circle does not
exist but it is used to determine the dimension of the circle when
employing tapering functions. Whereas when the low sidelobe
array theory is applied, the two circles at the center are regarded
as central circles in the calculation [9].

Table II shows some popular tapering functions used in EBG
technology and their plots. In the Kaiser tapering function, Ip(z)
is the modified Bessel function of the first kind. The variance
o2 in the Gaussian tapering function is generally set to 1 for a
normal distribution. According to the definition, the value of the
function varies in the range from O to 1 corresponding to =z €
[—1, 1] with the exception in Kaiser tapering function where
v € [~(1/2),(1/2)]

The coefficients of a Binomial array are determined by the
series binomial expansion of the function (1 + z)™~! as

1+2)" ' =1+ (m-1z+ Wﬂ

m—1)(m—-2)(m-3) 4
MUEDGESTUED IS

The positive coefficients of the series expansion for a value of
m can be used for tapering in a m-element 1-D EBG microstrip
structure. The Binomial array has wide variations between the
coefficients, especially for an array with a large number of
elements. Chebyshev array is a compromise between uniform
and Binomial array. Its coefficients are related to Tschebyscheff
polynomial that satisfies the recurrence relations expressed as
follows:

Tin(2) = 2 Trn1(2) = V(1 = 2){1 = [T-1(2)]} (A1)
Tm(2) =22 - Tyn_1(2) — Trea(2) (12)

€))

2

(10)
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TABLE 1II
TAPERING FUNCTIONS
Type Tapering Function Plot
ze[-L1; ye[0,1]; a=1
o
el
“ba
0.2
Bartlett 1 ‘%‘ 105 bs 1
.
D.6
D4
2 2 o2
ConneS (1— 5—2) 1 -bs bs 1
o
/DB
D.4
A o2
i N — .57 / (T a
Hamming | Hma(z) = 0.54 + 0.46 cos (=) 105 bs s
,1‘"
pE
/B .
/b4 :
. Hny(z) = cos®(52)
Hannmg @ 1 -bs pE 1
= 3(1 + cos(™))
-
D.E
D.6
b4
0.2 .
Cosine COS(":;—:) 1 DS bs 1
A
D.E
D.6
/ ba \
;b2 s
2
Welch 1— ::—2 -1 -bS bs 1
¥
D6
o2
. 4 /1 (< r 2
Kaiser W = [—%7 %] 0.5-025 D25 DS
[N
h#
Ba(z) =0.42 + 0.5 cos( %) P
Blackman ) @ -1 DS bs 1
2nx
+0.08 cos (%)
P
P X3
04
Gaussian (3712/(2‘72) a1 o-ps bs 1

where 11 (z) = 1. Letting z = cos 8, T,,(z) is expressed as

Tn(z) = cos(m - §) = cos[m - arccos(z)]. (13)

The tapering techniques mentioned above are applied to
the six-cell single-plane EBG microstrip structure with cir-
cles etched in the ground plane of a microstrip line that is
one of the two single-plane EBG structures used to con-
struct the proposed C-EBG structure (Fig. 1). Their effects
on the performance of the EBG structure are studied. Taconic
(e, = 2.43,h = 30 mils) is used as the substrate material of
the structure. The center frequency of the stopband is 10 GHz
giving a period of the structure a; = 10.35 mm, according to
the Bragg reflection condition. The width of the microstrip w
is 2.29 mm corresponding to a characteristics impedance of
50 €2 at 10 GHz. z; is determined to be [0.182, 0.545, 0.909]
for the tapering functions. To determine the coefficients in
Binomial and Chebyshev array, the element number is set to
six. For Chebysheyv array, the major-to-minor lobe ratio is fixed
at 25 dB. Table III shows the corresponding values of every
tapering function and the normalized coefficients of the arrays.
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TABLE III
VALUE OF TAPERING FUNCTIONS AND NORMALIZED COFFICIENTS

Type T() T(z) T(zs)
Bartlett 0.82 0.46 0.09
Blackman | 0.87 0.27 0.01
Connes 0.94 049 0.03
Cosine 0.96 0.66 0.14
Gaussian 0.98 0.86 0.66
Hamming | 093 048 0.10
Hanning 092 043 0.02
Welch 097 0.70 0.17
Kaiser 094 0.58 0.16
Type ay Qs as

Binomial 1 0.50 0.10
Chebyshev | 1 0.73 0.39

The area of the circle is tapered according to (7) or (8) where
the filling factor (r/a1) of the central circle is set to be 0.25.

All tapered EBG structures are simulated. Each tapered EBG
structure exhibits a stopband centered at 10 GHz although the
bandwidth and attenuation within the stopband, and the ripple
level in the passband vary from one to another. Some structures
show similar transmission characteristics, thus, they are classi-
fied together to form two groups. Table IV shows the perfor-
mances of structures in these two groups in terms of bandwidth
and attenuation of the stopband, ripple levels in the passbands,
and sidelobe levels in the S;; parameter. As can be seen in
the table, structures in Group One are good in terms of ripple
level performance but poor in terms of stopband performance.
The stopband performances of the structures in Group Two are
better than those in Group One but the ripple levels are higher
in the Cosine and Welch tapered EBG structure. The Kaiser ta-
pered EBG structure in Group Two has the lowest ripple level of
0.08 dB in the lower passband and 2.4 dB in the higher passband.
Therefore, it is able to tolerate an increase in the ripple level for
an enhancement of the stopband. The superior transmission in
the passband of the Kaiser tapered EBG structure is indicated
by its low sidelobe levels of the S1; parameter in Fig. 5.

Fig. 6 shows the simulated S51 parameters of the tapered 1-D
EBG microstrip structures (the Blackman, Binomial, Kaiser,
Chebyshev, and Gaussian tapered EBG structure) and that of
the EBG structure with a uniform distribution. Binomial and
Kaiser tapered EBG structure are chosen as representatives of
their groups. As shown in the figure, the structure with a uni-
form distribution displays a good bandwidth performance while
exhibiting high ripple levels in both passbands. As can be seen,
all tapered structures have a significant reduction in the ripple
level in both passbands. However, this comes at the expense of
a reduction in both the bandwidth and attenuation within the
stopband. In all tapered structures, the Gaussian tapered EBG
structure behaves the most similarly to the structure with a uni-
form distribution. The Blackman tapered EBG structure has the
lowest ripple levels (0.16 dB in the lower passband and 1.9 dB
in the higher passband). However, its bandwidth and attenuation
are greatly reduced.

It is observed that for the performance of tapered EBG
structures, the reduction in the ripple level in the passband
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is commonly proportional to the reduction in the bandwidth
and attenuation of the stopband. Nevertheless, the Chebyshev
tapered EBG structure exhibits a 4.3-GHz-wide stopband at
10 dB with an attenuation of 24.36 dB, a ripple level of
0.17 dB in the lower passband, and a ripple level of 2.9 dB
in the higher passband. This is similar to the performance of
the Kaiser tapered EBG structure in the sense that they are
both able to obtain a low ripple level while maintaining a
relatively wide and deep stopband. Although their stopband
performances are not the best, the very low ripple level in the
passband enables them to obtain a good tradeoff between the
ripple level in the passband, and the bandwidth and attenuation
of the stopband. As compared to Kaiser tapered EBG structure,
the Chebyshev tapered EBG structure has higher ripple levels in
both passbands, but smaller transition width from the passband
to the stopband that implies a higher selectivity [19].

IV. TAPERED DUAL-PLANE C-EBG MICROSTRIP
FILTER STRUCTURE

A. Design and Numerical Simulation

To eliminate the ripple in the passband due to the periodicity
in the dual-plane C-EBG structure proposed in Fig. 1, the
Chebyshev distribution is adopted to taper the dimension of
the EBG unit and two tapered C-EBG structures are proposed;
the ground-tapered C-EBG structure and the double-tapered
C-EBG structure. Fig. 7 shows the schematic of the ground-ta-
pered C-EBG structure where the area of the etched circles at
two ends of the structure are tapered. The coefficients of the
six-element Chebyshev array obtained previously (Table IIT)
are used in the design. Amplitude 1 corresponds to the area
of the two central circles with a filling factor (r/aq) of 0.25.
Accordingly, the radius of the circle from the left to the right is
1.61, 2.21, 2.59, 2.59, 2.21, and 1.61 mm, respectively.

Fig. 8 shows the schematic of the double-tapered C-EBG
structure in which the dimensions of the EBG units in both the
ground plane and the microstrip line are tapered by applying
the Chebyshev distribution. Besides the six-element Chebyshev
array that is applied to tailor the dimension of the etched circle
in the ground plane, the coefficients of the five-element Cheby-
shev array are used to taper the area of the square patch in the
microstrip line. With a major-to-minor lobe ratio set to be 25 dB,
its normalized coefficients are determined to be 1, 0.797, and
0.393. [, and w, of the central patch are both set to 5 mm. Ac-
cordingly, l,2, Wa2, l43, and w,3 can be determined to be 4.46,
4.46, 3.13, and 3.13 mm, respectively.

Fig. 9 shows the simulated S-parameters for the ground-ta-
pered C-EBG structure (Fig. 7), the double-tapered C-EBG
structure (Fig. 8), and the proposed uniform C-EBG structure
(Fig. 1). As can be seen in Fig. 1(a), the uniform C-EBG struc-
ture shows a 25-dB bandwidth of 7.00 GHz with an attenuation
of 50.71 dB. The ground-tapered C-EBG structure has a 25-dB
bandwidth of 6.05 GHz with an attenuation of 67.71 dB. This is
a reduction of about 14% of bandwidth shown by the uniform
C-EBG structure. However, as compared to the uniform C-EBG
structure, the ground-tapered C-EBG structure has a ripple level
that is significantly lowered from 3.97 to 0.92 dB in the lower
passband and from 8.80 to 3.42 dB in the higher passband. For
the ground-tapered C-EBG structure, its stopband performance
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TABLE 1V
PERFORMANCE OF TAPERED 1-D EBG MICROSTRIP STRUCTURES
Group Tapering Techniques Bandwidth | Attenuation Ripple Level Side Lobe Level
(GHz2) (dB) Lower Higher Lower Higher

Group One | Hanning, Connes, Binomial 3.8 ~ 4.0 15 ~ 17 0.08 ~ 0.16 dB 2.3~ 29 dB > 21 dB > 8 dB

Hamming, Bartlett
Group Two | Kaiser 4.0~ 4.3 19 ~ 21 0.21 ~ 0.31 dB 3.0~ 3.5dB > 15 dB > 9 dB

Cosine, Welch (except Kaiser) (except Kaiser) | (except Kaiser) | (except Kaiser)

S11 (dB)

Kaiser ——- ——— -
Consine —

Fig. 5.
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Fig. 7. Schematic of the ground-tapered C-EBG structure adopting the

Chebyshev distribution.

is slightly degraded by the adopted tapering technique. How-
ever, its ripple level is significantly lowered, which implies an
excellent transmission in the passband.

Fig. 8.
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Schematic of the ground-tapered C-EBG structure adopting the
Chebyshev distribution.
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In the same figure, the double-tapered C-EBG structure ex-
hibits a stopband with a 25-dB bandwidth of 5.05 dB and an
attenuation of 41.54 dB. Its ripple level in the lower passband is
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0.16 dB whereas that in the higher passband is 3.20 dB. Com-
paring the double-tapered C-EBG structure to the ground-ta-
pered C-EBG structure, its performance is improved in terms
of ripple levels in both passbands. However, the bandwidth and
attenuation of its stopband are reduced. Although the stopband
performances of both tapered C-EBG structures are degraded,
their bandwidth and attenuation are still larger than those in
the single-plane EBG structures (Fig. 4). Fig. 9(b) shows their
S11 parameters. It is observed that both tapered C-EBG struc-
tures show much lower sidelobe levels than those of the uni-
form structure, which implies the smooth transmission in the
passband. The double-tapered C-EBG structure has the best per-
formance of the three structures in terms of ripple level in the
passband while its stopband performance is the worst.

As revealed by the results above, the ripple level of the pro-
posed C-EBG structure can be tailored by applying a tapering
technique to taper the dimension of EBG units on different
planes, which comes with degradation of the stopband perfor-
mance. A double-tapered C-EBG structure is able to obtain a
lower ripple level than that shown in a single tapered C-EBG
structure such as the ground-tapered C-EBG structure. With the
unique dual-plane configuration, the filtering functionality of
the proposed C-EBG structure can be adjusted to meet different
requirements in various applications.

B. Measurement Results

Both the proposed ground-tapered and double-tapered
five-patch six-circle dual-plane C-EBG microstrip structure
were fabricated and tested. Fig. 10(a) and (b) shows the mod-
ulated microstrip line and the ground plane with etched circles
of the fabricated structures, respectively. These structures are
highly compact with a dimension of 70 mm by 26 mm as shown
in Fig. 10. Figs. 11 and 12, show the simulated and measured
S-parameters of the fabricated ground-tapered C-EBG structure
and double-tapered C-EBG structure, respectively. As can be
seen from the measurement results in the two figures, with only
six EBG cells, the ground-tapered C-EBG structure is able to
achieve a 25-dB bandwidth of 5.98 GHz at 10 GHz, with an
attenuation of 39.00 dB, a ripple level of 1.56 dB in the lower
passband, and a ripple level of 4.68 dB in the higher pass-
band whereas the fabricated double-tapered C-EBG structure
exhibits a 25-dB bandwidth of 4.87 GHz, an attenuation of
52.9 dB, a ripple level of 0.51 dB in the lower passband, and
a ripple level of 5.47 dB in the higher passband. An excellent
agreement between the measurement and the simulation results
have been obtained in both the proposed tapered dual-plane
C-EBG structures. The slight difference is probably due to the
effect of SMA connectors, the lack of material uniformity and
cell uniformity, the over etching, and the nonideal soldering.
The infinite ground plane assumed in the simulation is another
possible cause for the difference.

Both proposed tapered dual-plane C-EBG structures demon-
strate the advantages of large bandwidth, high attenuation,
smooth passband, compact size, and easy fabrication process.
The ground-tapered C-EBG structure is able to obtain an ultra-
wide stopband with very high attenuation and relatively small
ripple levels in both passbands whereas the double-tapered
C-EBG structure shows an extremely small ripple level in
the passband but a relatively smaller stopband bandwidth and
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Fig. 10. Photographs of the fabricated ground-tapered dual-plane C-EBG
microstrip structure (upper) and the fabricated double-tapered dual-plane
C-EBG microstrip structure (lower). (a) Microstrip line. (b) Ground plane.
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Fig. 11. Simulated and measured S-parameters of the ground-tapered C-EBG

microstrip structure.

attenuation. Due to their common characteristics and the unique
feature of each structure, these two proposed structures can be
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easily applied to various circuit applications to meet different
requirements on the passband and the stopband performance.

V. CONCLUSION

In this paper, the design and implementation of two novel
tapered dual-plane C-EBG microstrip filter structures have been
presented. Due to the unique dual-plane arrangement, the novel
structure has an ultrawide stopband with a large bandwidth of
above 4.8 GHz at 25 dB and high attenuation of beyond 35 dB
within a compact physical size. Its ripple level in the passband
is well tailored by adopting the Chebyshev distribution, and
therefore, the tapered C-EBG structure exhibits an excellent
transmission in the passband. The proposed structure is easy
to fabricate and is compatible with MMIC technology. Both
tapered C-EBG structures were fabricated and tested. The
measurement results are in good agreement with the simulation
results. The novel design of this structure is able to achieve high
performance as a bandstop filter with superior passband and
stopband characteristics. The proposed 1-D EBG dual-plane
configuration can be further employed in other applications
for compact microwave circuits. For example, it can be used
as the reflectors in the design of resonators or for the coupling
elimination of two close microstrip lines.
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