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Abstract
In this paper, an approach is proposed to provide an accurate and fast calculation on the transmission coefficients of an
electromagnetic band-gap (EBG) structures where patches are periodically inserted into the microstrip line (capacitive loaded EBG
microstrip structure). The stopband performance, such as the center frequency, bandwidth, and attenuation, of these EBG structures
can be predicted at a high degree of accuracy through the calculation of the transmission coefficient. The dispersion relation of
electromagnetic waves in the structure is derived, plotted, and analyzed. The grating nature of the structure is demonstrated. This
approach can be applied to periodic microstrip structures of a similar nature to simplify the analysis and design procedures.
Index Terms
Electromagnetic band-gap structures, EBG, planar passive filters, capacitive loaded EBG microstrip structures, low-pass filters,
bandstop filters, microstrip filters.

I. INTRODUCTION
Wireless communications have been developing at an accelerating rate in the past decade. With the advance in technology,
wireless systems requires high performance circuits and components that are miniaturized. With the increase in the number of
wireless users, the requirement on filters in modern communication systems has become stringent. Besides a small physical
size, they are required to have sharp cutoff, high attenuation in the stopband, low insertion loss in the passband, and no
spurious.
Planar electromagnetic band-gap (EBG) microstrip structures have played an important role in filter designs since they are
introduced in 1998 [1]. An EBG microstrip structure is a microstrip line with periodic cells arranged along the direction of the
microstrip line. It exhibits a wide stopband at a center frequency that is determined by the period of the cells. It is convenient
to use an EBG filter to suppress unwanted frequencies over a wide frequency range [2].
In an EBG microstrip structure, the periodic cells along the microstrip line are used to modulate the microstrip line, thus
locally altering its effective permittivity. The modulation creates alternate passbands and stopbands in the frequency response
of the structure. These periodic cells can be in the form of etched patches in the ground plane of a microstrip line with a
1-D [3] or 2-D pattern [1]. They can also be in the form of patches inserted in the microstrip line [4]–[6] which is known
as periodic structure with shunt-capacitive loading [4] or capacitive loaded transmission line [5]. Grating structures have been
applied in the field of optics for decades [7]. Lately, they have been applied in millimeter waves technology [8] and coplanar
waveguide (CPW) technology [9]. An EBG microstrip structure can be seen as the applications of gratings in microstrip line
technology. It satisfies the Bragg reflection condition.
An EBG structure with uniform cells shows high ripple level in the passband due to the periodicity, mismatch at the input,
and additional reflections caused by the cells. Fortunately, it has been shown that these ripples can be eliminated effectively by
applying tapering techniques [6]. Planar EBG microstrip structures are high performance bandstop filters [3] or low-pass filters
[10] that provide high selectivity and a wide stopband with high attenuation. It is simple to design, small in physical size,
and compatible with monolithic circuits. Recently, EBG structures are applied to the design of bandpass filters [5] and ultrawideband (UWB) bandpass filter [4] to suppress spurious in the stopband. EBG structures are widely used in filter designs.
However, full-wave simulations are required to predict the stopband performance of the structure, such as the bandwidth, center
frequency, and attenuation. The simulations are time consuming.
In this paper, an approach is proposed to calculate the transmission coefficients of an EBG structure with inserted patches
in the microstrip line (capacitive loaded EBG microstrip structure) so as to derive the stopband. The periodic waves of the
structure are analyzed and the dispersion relation of the electromagnetic waves is plotted. The dispersion relation is used
to show the grating nature of the EBG structure. This proposed model can help to simplify the analysis of EBG microstrip
structures. It can easily be generalized and applied to facilitate and accelerate the computer-aided designs of periodic microstrip
structures of this type.
II. S TOPBAND P REDICTION & D ISPERSION R ELATION
An EBG structure is an application of gratings onto a microstrip line. It satisfies the Bragg reflection condition [7], [8]:
λ = 2a · n

(1)
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where λ is the wavelength of the reflected wave, a is the distance between two successive cells (defined as the period of the
√
structure), and n is the refractive index n = εr µr . Therefore, with a fixed period of the structure, the center frequency of
its stopband can be estimated using (1). However, equation (1) provides no other information about the stopband, such as the
attenuation and the bandwidth.
In this section, we present an approach to predict the stopband performance of a capacitive loaded EBG microstrip structure
(Fig. 1 (a)), including its center frequency, bandwidth, and attenuation. This is done by obtaining the ABCD matrix and the
characteristic impedance of the periodic structure. In Section II-A, an equivalent circuit is proposed to obtain an ABCD matrix
of a unit cell of the structure, according to its geometry. An overall ABCD matrix of the periodic EBG structure can then be
obtained by cascading several unit cells. In Section II-B, periodic waves in the structure are analyzed in order to obtain the
characteristic impedance. With an ABCD matrix and the characteristic impedance of the periodic structure, its transmission
coefficient at each frequency can be calculated. The dispersion relation of the structure is expressed and plotted.
A. The ABCD Matrix of a Unit Cell
Fig. 1 shows a capacitive loaded EBG microstrip structure with four cells (m = 4). An EBG unit cell is taken out with
terminal plane 1 and 2 midway between two successive inserted patches. In order to obtain the ABCD matrix for the unit cell
shown in Fig. 1, the unit cell is further divided into five sections of length di (i = 1 – 5) that are cascaded; the first section
is a narrow microstrip line section with a length of d1 = (a − ll′ )/2; the second section takes into account the narrow to
wide discontinuity where d2 ≈ 0; the third section is a wide microstrip line section with d3 = ll′ ; the forth section is another
discontinuity from wide to narrow with d4 ≈ 0; and the last section is a narrow microstrip line section with d5 = d1 = (a−ll′ )/2.
The ABCD matrix of a microstrip line section (in this contest, the first, third, or fifth sections) can be expressed as [11],




A B
cosβl
jZ0 sinβl
=
(2)
C D mi
jY0 sinβl
cosβl
where the subscript, mi denotes the ith microstrip line section. The ABCD matrix of the two microstrip step discontinuity
(narrow to wide and wide to narrow) is obtained as followed. Fig. 2 (a) and (b) shows the step-up discontinuity (narrow to
wide) and the step-down discontinuity (wide to narrow), respectively. In Fig. 2 (a) and (b), Wi−1 and Wi are the widths of
the microstrip line sections from left to right. The subscripts, (i + 1) and i are the indices for the microstrip line sections.
Each of them can be modeled using the T-network as shown in Fig. 2 (c) [12]. As can be seen in Fig. 2 (c), Li−1 and Li
correspond to the inductance of the microstrip line section with a width of Wi−1 and of Wi of the step discontinuity as shown
in Fig. 2 (a) and (b), respectively. The excess capacitance due to the step discontinuity is Cs . The inductances, Li−1 and Li
can be estimated using the equations (3) to (6) below.

2
r
Z0W ǫreW
Ls = 0.000987h 1 −
(nH)
(3)
Z0N
ǫreN
Li−1 =

LWi−1
Ls
LWi−1 + LWi

(4)

LWi
Ls
(5)
LWi−1 + LWi
√
Z0mi ǫrei
LWi =
(H/m)
(6)
c
where Z0W and ǫreW are the characteristic impedance and the effective dielectric constant of the wide microstrip line section
whereas Z0N and ǫreN are those of the narrow microstrip line section. The thickness of the substrate, h is in micrometer.
Z0m and ǫre are the characteristic impedance and the effective dielectric constant of the microstrip line. In (6), LWi is the
inductance per unit length of the microstrip line of width Wi and c is the speed of light in free space. The excess capacitance
Cs can be estimated by using (8) below,

 


√
ǫreW
WN
ǫreW + 0.3
WW /h + 0.264
Cs = 0.00137
1−
h
(pF )
(8)
Z0W
WW
ǫreW − 0.258
WW /h + 0.8
Li =

where h is in micrometer, WN and WW are the widths of the narrow and the wide microstrip line sections, respectively.
The T-network in Fig. 2 (c) is presented in an alternative way using reactance Zi−1 and Zi and a susceptance Y and is
shown in Fig.2 (d). Therefore, the ABCD matrix of this network for the step discontinuity can be obtained as shown below,






A B
1 Zi−1
1 0
1 Zi
=
(9)
C D si
0
1
Y 1
0 1


1 + Zi−1 Y Zi + Zi Zi−1 Y + Zi−1
=
Y
Zi Y + 1
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where the subscript, si denotes the ith step discontinuity. Since the five sections are cascaded to form a unit cell, the ABCD
matrix for the unit cell can be obtained by multiplying the ABCD matrix of each section as follows,












A B
A B
A B
A B
A B
A B
=
·
·
·
·
(10)
C D c
C D m1
C D s1
C D m2
C D s2
C D m3






A B
A B
A B
where the subscript c denotes cell.
,
, and
can be obtained by using (2) whereas
C D m1
C D m2
C D m3




A B
A B
and
can be obtained by using (9). Therefore, the overall ABCD matrix of the EBG structure as
C D s1
C D s2
shown in Fig. 1 can be obtained by cascading those of the four unit cells by using (10). Based on the ABCD matrix, two-port
network parameters, such as the [Z] matrix and the [Y] matrix of the structure can be obtained readily. For the prediction of
the stopband performance, or in other words, for obtaining the S-parameters at each frequency, the characteristic impedance
of the periodic structure, Zc , is required. In the following section, Zc is obtained for the capacitive loaded EBG microstrip
structure by analyzing the periodic waves in the structure. The S-parameters are calculated and plotted. The dispersion relation
of the structure is obtained and plotted. It is used to show the grating nature of the EBG microstrip structure.
B. Characteristic Impedance & Dispersion Relation of an EBG Microstrip Structure
The characteristic impedance of the EBG structure in Fig. 1 can be obtained by analyzing periodic waves in the structure
[13]. The unit cell shown in Fig. 1 has a reflection coefficient Γ1 and Γ2 at the two terminal planes 1 (input) and 2 (output),
respectively. c1 and b1 are the amplitude of the forward- and the backward-propagating wave at the input, respectively, whereas
c2 and b2 are the amplitudes of the waves at the output. The transmission coefficients between the two terminal planes are τ12
and τ21 . Due to the reciprocity of the unit cell, τ12 = τ21 . The wave amplitudes are related using a wave matrix [13]. For a
capacitive loaded EBG microstrip line structure, it consists of cascaded periodic unit cells. With a wave propagating down the
structure, c1 and c2 , b1 and b2 are related by (11) and (12), respectively, as shown below,
c2 = e−γc a c1
b2 = e

−γc a

b1

(11)
(12)

where γc = αc + jβc is the propagation constant.
Besides the wave matrix, the amplitudes, c1 , c2 , b1 , and b2 can also be related through voltages and currents of the network.
Fig. 3 shows the equivalent T-network for the unit cell with input and output voltages and currents. The relation between c1
and b1 and that between c2 and b2 are expressed as follows,
V1 = c1 + b1
V2 = c2 + b2

(13)
(14)

I1 = (c1 − b1 )Yw
I2 = (c2 − b2 )Yw

(15)
(16)

where Yw is the wave admittance. Based on (13)– (16), wave matrix can be translated into impedance matrix [Z]. With algebraic
manipulations, the characteristic impedance of the structure can be expressed as shown in (17) below [13],
Zc =

Z11 − Z22
+ Z12 sinhγc a
2

(17)

1

where sinhγc a = (cosh2 γc a − 1) 2 . The relation between γc and [Z] can be expressed using (18) [13].

Z11 + Z22
(18)
2Z12
Based on (17) and (10), the impedance of the EBG microstrip structure is related to the geometry of the structure and can
be obtained. Therefore, the S-parameters of the EBG structure can be calculated based on the dimensions of the structure.
Equation (18) expresses the dispersion relation of the EBG structure.
coshγc a =

C. Prediction on S-Parameters
A four-cell capacitive loaded EBG microstrip structure as shown in Fig. 1 with a center frequency of the stopband at 3 GHz
is designed. Taconic (ǫr =2.46, h=30.5 mils) is used as the substrate. The width of the microstrip line at the input and the output
port is set to correspond to a characteristic impedance of 50 Ω at 3 GHz. The period of the structure a is determined by applying
(1). Both ll ’ and wl ’ are set to 0.5a corresponding to an optimal filling factor of 0.5 [1]. The width of the microstrip line section
between two successive inserted patches wh′ is set to 0.6 mm. The EBG microstrip structure is simulated using the Method of
Moment base software, Advanced Design System (ADS) [14]. The solid line in Fig. 4 shows its simulated S21 -parameters. The
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center frequency and the 15 dB bandwidth of the stopband is found to be 3.1 GHz and 3.7 GHz, respectively. The attenuation
at the center of the stopband is 67.6 dB. The lower and the upper 15 dB-cutoff frequencies of this EBG structure are found to
be 1.2 GHz and 4.9 GHz, respectively.
In order to calculate the dispersion relation of this EBG structure, Z0m and ǫre of the narrow and wide microstrip line
sections are estimated using Linecalc in ADS at different frequencies based on their physical dimension [14]. The propagation
constant of the microstrip lines, βn and βw , are determined accordingly. By applying (2)–(10), the ABCD matrix for the unit
cell of the capacitive loaded EBG microstrip structure is obtained. S-parameters are calculated based on the ABCD matrix and
(17) for the characteristic impedance, Zc . Fig. 4 shows the calculated S21 -parameters. The calculated S21 -parameters without
taking into consideration of the step discontinuities in (10) are included for a comparison. The center frequencies and 15 dBcutoff frequencies of the three curves in Fig. 4 are compared to evaluate the accuracy of the calculation. As can be seen in
Fig. 4, for the curve that takes into account the step discontinuities, its lower and the upper 15 dB-cutoff frequencies are at
1.2 GHz and 4.8 GHz, respectively. The center frequency of the stopband is at 3.1 GHz. This calculated results are in a good
agreement with the simulated results (15 dB-cutoff frequencies at 1.2 GHz and 4.9 GHz, the center frequency at 3.1 GHz). For
the curve without taking into account the step discontinuities, its 15 dB-cutoff frequencies are at 1.3 GHz (lower) and 5.1 GHz
(upper). It has the stopband centered at 3.2 GHz. Compared to the simulation results, it shows a shift in center frequency of
the stopband and a larger bandwidth. The comparison shows the importance of the step discontinuity for the calculation of the
stopband performance.
The results reveal that the proposed approach for deriving the stopband performance of a capacitive loaded EBG microstrip
structure is of high accuracy. It provides information on the center frequency, the bandwidth, and the attenuation of the stopband.
The accuracy of the prediction is increased by taking into account the effect of the step discontinuities in the structure. This
approach can be further extended to other periodic microstrip structure by modifying the circuit model in Section II-A.
D. Plot of Dispersion Relation
The dispersion relation for the capacitive loaded EBG microstrip structure is calculated using (18) and plotted in Fig. 5.
As can be seen in Fig. 5, the EBG structure shows maximum βc at both edges of the stopband, which is similar to a typical
dispersion relation of a periodically loaded transmission line [15]. The parameters of the structure will be analyzed in detail
to examine its grating nature.
Due to the lossless network that is assumed in every section of the unit cell, Z-parameters are all purely imaginary. Thus,
coshγc a in (18) is a real number. Since coshγc a = cosh[(αc + jβc )a] = coshαc acosβc a + jsinhαc asinβc a, there are two
possible cases:
• Case 1: αc 6= 0, βc = 0 (coshγc a > 0) or βc a = π (coshγc a < 0). The wave is evanescent. In the short distance it
propagates, there is no change in phase when β = 0 and there is a change in phase when β = π. It defines the stopbands
of the structure.
• Case 2: αc = 0, βc 6= 0. The wave is propagating without attenuation. It defines the passbands of the structure.
Fig. 5 shows a plot of the calculated βc a versus k0 a. As can be seen in Fig. 5, there is a prominent stopband at a center
frequency of 3.1 GHz.
Table I summarizes the passband and stopband characteristics of the capacitive loaded EBG microstrip structure based on
calculated results. A and B are the parameters in the ABCD matrix. They are related to γc , βc , and Zc by the expressions,
A=

eαc l + e−αc l
eαc l − e−αc l
cos(βc l) + j
sin(βc l)
2
2

(19)

eαc l + e−αc l
eαc l − e−αc l
sin(βc l) − j
cos(βc l)]
(20)
2
2
where l is the length of the transmission line. Zc in (17) is related to A-parameter as below for a reciprocal network (Z11 = Z22 ),
B = jZc [

1

Zc = Z12 (A2 − 1) 2

(21)

Equation (21) is obtained based on Z11 = A/C, Z12 = (AD − BC)/C, and AD − BC = 1.
As shown in Table I, besides the differences in αc and βc between the passband and the stopband, it is observed that Aparameters are in different range of value for different frequency range, B-parameters are purely imaginary at all frequencies,
and Zc s are real in the passband and purely imaginary in the stopband. Based on (19) – (21), it is the difference in γc and βc
that leads to the different range of value for A-parameters. The different A-parameters result in the real Zc in the passband
and the purely imaginary Zc in the stopband. The characteristics of γc , βc , and Zc result in the purely imaginary B-parameters
in both the passband and the stopband.
In the capacitive loaded EBG microstrip structure under study, the characteristics of the parameters in the passband and
the stopband, such as the propagation constant, characteristic impedance, A- and B-parameters, are the same as the periodic
coplanar waveguides with inductive loading as reported in [9]. The dispersion relation and the analysis in this section show
the grating nature of the EBG structure. The propagation constants of the EBG microstrip structure in the passband and those
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of the periodically loaded CPW [9] have different trends versus frequency. The EBG microstrip structure has the maxima of
βc at both edges of the stopband while the CPW structure has the maximum value only at the lower edge of the stopband
(Fig. 3 (a) and Fig. 4 (a) in [9]).
III. C ONCLUSION
This paper present an approach that provides an accurate and time-saving calculation of the transmission coefficients of
a capacitive loaded EBG microstrip structure. It has been shown that the model of the step discontinuity in the structure
plays an important role in the calculation. The stopband of the structure can be predicted with a high accuracy. Furthermore,
the dispersion relation of electromagnetic waves in the structure is derived, plotted, and analyzed. The grating nature of the
structure is shown. With proper modifications of the circuit model, this approach can be extended to other periodic microstrip
structures. The proposed approach will simplify the analysis and design procedures of EBG microstrip structures.
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TABLE I
S UMMARIES ON C HARACTERISTICS OF A C APACITIVE L OADED EBG M ICROSTRIP S TRUCTURE
αc

βc

A

B

Zc

Passband

=0

6= 0

| A |< 1

Purely imaginary

Real

Stopband

6= 0

βc = 0

| A |> 1

Purely imaginary

Purely imaginary

/βc a = π

Fig. 1.

The schematic of a capacitive loaded EBG microstrip structure.

(a)

(b)

(c)

(d)

Fig. 2.

(a)(b) Microstrip step discontinuities and (c)(d) its equivalent circuits.

Fig. 3.

The equivalent T-network for the unit cell of a capacitive loaded EBG microstrip structure in Fig. 1.
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The simulated and calculated S21 -parameters of the capacitive loaded EBG microstrip structure (fc = 3.1 GHz).
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Fig. 5.

Dispersion relation of the capacitive loaded EBG microstrip structure in Fig. 1.
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