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Abstract—In this work, we study the reflection properties of
coplanar waveguides (CPW) periodically loaded with shunt connected
capacitances and periodically perturbed by varying the slot width.
These structures are of interest because the low pass frequency response
with spurious frequency bands, inherent to the presence of capacitors,
can be improved. This is achieved through the attenuation of
frequency parasitics that is obtained by the introduction of slot width
modulation. Both sinusoidal and square wave patterns are considered
and the effects of the relative position of reactive elements with regard
to the perturbation geometry is analysed. According to coupled
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mode theory, the central frequencies of the rejected bands in periodic
transmission media are given by the spectrum of the perturbation
function. However, it is demonstrated that, due to the presence of
capacitors, multiple spurious bands can be simultaneously suppressed
even in the case of a singly tuned (sinusoidal) perturbation geometry.
This result points out that the frequency selective behaviour associated
to the presence of slot width modulation can not be interpreted in
the framework of coupled mode theory, since the rejection of spurious
bands in periodic loaded CPWs is not merely given by the spectrum
of the perturbation geometry.
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1. INTRODUCTION

Transmission lines periodically loaded with shunt-connected reactances
are of interest for the fabrication of microwave and millimeter wave
filters, phase shifters and frequency multipliers. Due to periodicity,
these structures exhibit significant dispersion as well as passband-
stopbands in the frequency response, on which its filtering properties
rely. If the shunt reactances are voltage controlled capacitors the device
can behave as a time delay phase shifter [1] or as a frequency multiplier
[2]. In the first case propagation velocity is tailored by means of
an external bias applied to the loading capacitors. (Micro-Electro-
Mechanical capacitive Switches -MEMS- have been recently proposed
for the fabrication of delay lines due to their low-loss performance and
high capacitance ratio achievable [3, 4]). As frequency multipliers, the
devices require large feeding signals, resulting in nonlinear operation
and hence harmonic generation [5]. The key advantage of these
distributed structures over conventional designs is the wide operating
bandwidth, which can be extended up to several tens of GHz, or even
more, depending on the available technology.
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From the fabrication point of view, device grounding is necessary
in any of the cited applications. Therefore coplanar waveguide (CPW)
transmission lines are appropriate, since no electrical connections are
required across the substrate provided signal strip and ground planes
are at the same level. In addition, CPWs are less dispersive than other
transmission lines such as microstrip and radiation losses are generally
of less significance [6].

Regardless of the application and specific transmission line
medium, a key parameter for the design of periodic loaded transmission
lines is the Bragg frequency. This delimits the first frequency band
and hence the cutoff frequency of the device operating as low pass
filter. Also, it determines the operating bandwidth in time delay phase
shifters and frequency multipliers. The device frequency response
is thus related to the Bragg frequency, which is dependent on the
value and distance between adjacent reactances as well as on the
geometry and physical parameters of the line. However, the frequency
selective behaviour of these structures can be enhanced by using the
electromagnetic bandgap (EBG) concept [7]. This can add flexibility to
the designs, which can be of interest for the optimisation of structures
based on transmission lines periodic loaded with shunt reactances. For
instance, low pass filters can be improved by rejecting the spurious
passbands that inevitably appear above the Bragg frequency. In
distributed frequency multipliers, EBGs can potentially be used as a
way to improve conversion efficiency to the desired harmonic. Finally,
in delay lines, the electrical characteristics of the line can be tailored
by the use of EBGs with the benefit of a major design flexibility.

EBGs are periodic structures which exhibit transmission be-
haviour analogous to carrier transport in semiconductors. Initially
applied to the optical domain as photonic bandgaps (PBGs), due to
the scalability in frequency, EBGs have been also applied to the opti-
misation of microwave and millimetre wave devices fabricated in planar
circuit technology [8]. Planar EBGs are essentially transmission lines
with periodic perturbations in wave impedance. This produces Bragg
reflection in some frequency bands, roughly given by the spectrum of
the coupling coefficient [9, 10], which is closely related to the wave
impedance of the line and hence line geometry. The modulation of the
wave impedance can be achieved by drilling holes in the substrate [11],
by etching periodic patterns in the ground plane [12–15], or by vary-
ing the geometry of the signal strip [16] (or a combination of them).
So far, most of the applications of EBG structures have been car-
ried out in microstrip technology. To cite some examples, the method
has been successfully applied to the elimination of spurious bands in
distributed bandpass filters [16], to enhance efficiency in broad-band
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power amplifiers by harmonic tuning [17], or to reduce phase noise in
microwave oscillators [18]. In coplanar waveguide technology, unipla-
nar EBG structures have been recently proposed for the fabrication
of filters and resonators based on the perturbation of line geometry
[19], and EBG effects have been experimentally demonstrated where
perturbation is implemented by etching patterns in the ground plane
following a periodic structure [20]. Also, a miniaturized low pass fil-
ter has been recently proposed based on the slow wave effect and stop
band characteristics of a CPW structure with capacitive and inductive
coupling at periodic positions [21].

The present work is devoted to the application of EBG structures
to CPWs periodically loaded with reactive elements (from now on these
structures will be referred to as PL-EBG-CPW). The investigation
of these structures is of interest since two types of periodicity are
simultaneously present in the line: that derived from the shunt
reactances, and that caused by the modulation of the wave impedance.
To be more specific, we will concentrate on CPWs periodically loaded
with constant capacitances and periodically perturbed by varying the
distance between the central strip and ground planes. The main aim
is to suppress the undesired passbands above the Bragg frequency
to improve the performance of the structure as low pass filter. As
will be shown later, the combination of geometry modulation and
shunt capacitances, enhances the reflection properties of the structure,
being possible the rejection of multiple frequency bands by means
of very simple perturbation geometry. This is the relevant result
of this work and points out that coupled mode theory can not be
directly applied to the design of PL-EBG-CPW structures, due to the
lack of correspondence between the rejected bands and the Fourier
components of the EBG geometry.

The work is organised as follows: in Section 2, the frequency
selective behaviour of PL-EBG-CPW structures is studied within
the framework of microwave network theory. Since the unperturbed
structure (PL-CPW) is already dispersive (due to the presence of
capacitances), frequency tuning (i.e., rejection of spurious bands)
requires the knowledge of the dispersion relation for the PL-
CPW. From this, we determine the perturbation periods which are
necessary to tune the device at the desired bands. An estimation
of the rejected bands in the resulting PL-EBG-CPWs is done by
numerical calculation of the dispersion relation. Different perturbation
geometries (sinusoidal and square) are considered and the effects of the
relative phase between the EBG structure and capacitor’s periodicity is
analysed. In Section 3 a planar equivalent circuit of the PL-EBG-CPW
structure is proposed and used to understand the excess of rejected
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bands inferred from the analysis of the previous section. Section 4
is focused on the validation of the analytical results. Both circuit
simulation and experimental results, obtained on fabricated structures,
are found to be in agreement with the theory. Finally, in Section 5,
the main conclusions of the work are presented.

2. MICROWAVE NETWORK ANALYSIS OF
PL-EBG-CPW STRUCTURE

For a given perturbation geometry, three parameters are required to
specify a EBG: the period (λT ) and amplitude of the perturbation,
and the number of cascading stages. The latter two allow rejection
level control, while the former determines the center frequency of the
rejected band, according to the Bragg condition, i.e., fo = vpL/2λT
(where vpL is the phase velocity of the loaded unperturbed line) [8].
With regard to the magnitude of rejection, this is limited by the
number of cascading stages which is in turn constrained by device
dimensions, usually not allowed to exceed certain limits. Also, the
perturbation amplitude is limited by the spatial resolution of the layout
generation system (drilling machine or optical system). In reference
to frequency tuning (Bragg condition), it has been usually assumed
that the propagation velocity is the same as that of the unperturbed
transmission line. However, for the suppression of spurious bands in
PL-EBG-CPW structures, some caution must be taken, provided the
unperturbed PL-CPW is very dispersive near and above the Bragg
frequency and vpL is thus frequency dependent. This means that, to
determine the period of the perturbation, it is necessary to use the
dispersion relation of the PL-CPW, which is given by [22]:

cosβl = cos kl − ωClsZo
2

sin kl (1)

where k and β are the phase constants of the unloaded and loaded
line, respectively, Cls the loading capacitances, l the distance between
adjacent capacitances and Zo the characteristic (or wave) impedance of
CPW sections between adjacent capacitances. The dispersion relation
is depicted in a Brillouin diagram in Figure 1, where θ = kl is
proportional to frequency and ϕ = βl. This is a representation in
a reduced zone, i.e., 0 ≤ ϕ ≤ π. Actually, this interval corresponds to
the first frequency band (f < fB), while the following passbands are
delimited by phase constants given by the intervals nπ ≤ ϕ ≤ (n+1)π,
where n = 1, 2, 3 . . . enumerates the spurious bands. The passbands of
the structure (determined by those frequencies satisfying the condition
| cosβl| < 1) are very narrow above the Bragg frequency. Thus, the
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Figure 1. Dispersion diagram of an arbitrary periodic loaded
unperturbed coplanar waveguide (PL-CPW) depicted in a reduced
Brillouin zone.

rejection of spurious bands is expected to be efficient provided the
period of the perturbation is determined from the Bragg condition
(λT = vpL/2fo = π/β) with ϕ = βl in the center of the interval
corresponding to the spurious band to be suppressed. According to
coupled mode theory, multiple bands can be suppressed if the wave
impedance is perturbed by a periodic function with harmonic content.
Since the wave impedance is related to line geometry, by choosing a
square wave perturbation pattern, attenuation in multiple frequency
bands is possible. By virtue of the previous words, if the PL-EBG-
CPW is perturbed by means of a square wave function, and the period
of the perturbation is chosen according to λT = 2l, then those bands
with center ϕ given by ϕ = (2n + 1) · π/2 (with n = 0, 1, 2, 3 . . .)
can potentially be eliminated. Following the dispersion diagram,
this corresponds to all spurious bands, but also includes first band
attenuation in a frequency interval close to the Bragg frequency.
Alternatively, to maintain invariable the device response below the
Bragg frequency, the perturbation period can be selected according to
λT = 2l/3. The penalty in this case is the elimination of only those
spurious bands satisfying ϕ = n·3π/2, with n = 1, 3, 5 . . . Nevertheless,
the presence of capacitors in the PL-EBG-CPW structure might give
rise to interaction effects with the periodic perturbation. These effects
can modify the results expected from coupled mode theory, provided
this theory does not account for the presence of lumped devices.
Therefore, it is necessary to make a detailed analysis of the reflection-
transmission properties of PL-EBG-CPWs. To this end, the dispersion
relation of the structure will be obtained. The two cases corresponding
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Figure 2. Layout of the PL-EBG-CPW (case A) and schematic of the
basic cell. The shunt-connected capacitors are represented by black
rectangles placed in the layout steps.

to the cited periods will be studied, and sinusoidal perturbation
geometries will be also considered for comparison purposes.

Case A: λT = 2l

To obtain the dispersion relation of the structure, it is necessary to
calculate the transmission (T ) matrix of the elementary cell (Figure 2).
This can be obtained from the product of each cascading section,
including impedance steps:

T =
1

16ZlZh

(
ejkhl 0

0 e−jkhl

)(
Zh+Zl Zl−Zh
Zl−Zh Zh+Zl

)(
2+jωClsZl jωClsZl
−jωClsZl 2−jωClsZl

)
(
ejkll 0
0 e−jkll

)(
Zh+Zl Zh−Zl
Zh−Zl Zh+Zl

)(
2+jωClsZh jωClsZh
−jωClsZh 2−jωClsZh

)
(2)

Zl(Zh) are the characteristic impedances of the low(high) impedance
transmission lines of the EBG structure and kl(kh) the corresponding
propagation constants. From (2), the dispersion relation can be
obtained according to [22]:

cos 2βl =
T11 + T22

2
(3)
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and after some tedious calculation:

cos 2βl =
1

4ZlZh

[
2

(
ZS cos

θS
2
− ωClsZlZh sin

θS
2

)2

− 2
(
ZD cos

θD
2

+ ωClsZlZh sin
θD
2

)2

− 4ZlZh

]
(4)

where ZS = Zl+Zh, ZD = Zh−Zl, θS = (kh+kl)l and θD = (kh−kl)l.
Expression (4) reduces to (1) if Zl = Zh (kl = kh). However, since
the basic cell for the PL-EBG-CPW contains two capacitor stages the
dispersion relation (4) appears formally different than (1). Inspection
of (4) reveals that those frequencies satisfying βl = (2n+1) ·π/2 (n =
0, 1, 2, 3 . . .) are rejected due to the second term of the right hand
side, which is always negative. Also, since the magnitude of this
term increases with frequency, the level of rejection is expected to
increase with spurious band order. Figure 3a, where the right hand
side of (4) is depicted, confirms the previous statement. Due to the
scale of the vertical axis, attenuation in the first band is scarcely
visible, but the modulus of the first minimum exceeds the value of 1.
Thus, by using step variations in wave impedance (or line geometry)
and a perturbation period corresponding to two capacitor stages, the
suppressed bands are those expected by coupled mode theory.

Let us now consider a continuous sinusoidal variation of wave
impedance (which approximately corresponds to a sinusoid geometry).
In this case it is not possible to obtain an analytical expression for
the dispersion relation, but we can obtain the right hand side of (3)
by numerical calculation. To this end, the elementary cell has been
divided into uniform transmission line sections of variable impedance
and very small length, and the overall transmission matrix has been
obtained by means of an iterative algorithm. It has been found that
decomposition into 50 transmission line sections provides convergence
of results, while the calculation time does not exceed several seconds
(in a Pentium III microprocessor). The result of the calculation is
shown in Figure 3(b). Surprisingly, not only attenuation in the first
band is obtained; spurious passband rejection is also achieved, in spite
of the singly tuned perturbation function considered. For comparison
purposes, let us now consider a PL-EBG-CPW structure with the same
perturbation function (sinusoid) but with capacitors placed at those
positions where the characteristic impedance reaches a maximum or
minimum (Figure 3c). In this case, multiple rejection of frequency
bands occurs but the attenuation level decreases dramatically. These
results clearly point out that coupled mode theory can not be
directly applied to control the frequency selective behaviour in PL-
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Figure 3. Representation of cos(ϕ) for the PL-EBG-CPW (bold
lines) and PL-CPW (thin lines) structures considered in case A (λT =
2l). ϕ = 2βl to account for the two capacitor stages of the elementary
cell of the PL-EBG-CPW structure. The perturbation geometries for
the PL-EBG-CPW structures are: (a) stepped, (b) sinusoid and (c)
sinusoid with capacitor locations shifted π/2. Transmission occurs
only for those frequencies satisfying the condition | cos(ϕ)| < 1. To
obtain these curves, those electrical parameters of Section 4 (case A)
have been used.
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EBG-CPW structures. Since the placement of capacitors relative to
the perturbation geometry is relevant in determining the frequency
response of the device, it is clear that interaction effects between
capacitors and the EBG structure should be present and might explain
the previous results. However, before this interpretation, we will focus
on PL-EBG-CPWs designed to suppress the first spurious band.

Case B: λT = 2l/3

As has been previously indicated, the foresight of coupled mode
theory for square wave perturbation with λT = 2l/3 is the elimination
of only those spurious bands characterised by βl = n · 3π/2 (n =
1, 3, 5 . . .), leaving the first band unaltered. Let us proceed as in
the previous case to obtain the frequency selective behaviour of the
structure. Even though the characteristic impedance changes in
steps, the elementary cell contains in this case three EBG periods
(i.e. two capacitances), making the analytic calculation of the
dispersion relation very cumbersome. Therefore we have obtained the
transmission matrix numerically. In Figure 4a, the right hand side of
(3) is depicted. The result confirms that up to the Bragg frequency
no changes are produced by the EBG structure. Above this frequency,
rejection in all spurious bands is visible. This result is of great interest
since by the use of a very simple perturbation geometry, undesired
frequency bands can potentially be eliminated. In Figures 4b and
4c, cos(2βl) is represented for the sinusoid EBG structure with and
without relative phase variation, respectively. Once again, multiple
frequency bands are rejected although attenuation is less effective if
capacitors are placed in locations corresponding to extreme values of
line impedance.

3. INTERPRETATION OF RESULTS AND DISCUSSION

Clearly, the presence of shunt capacitors enhances the reflection
properties of PL-EBG-CPWs. The interpretation of the results of
the previous section is not simple since coupled mode theory does
not account for the presence of lumped elements. However, we can
model the PL-EBG-CPW by means of a completely planar circuit
in which the shunt capacitances are replaced by low impedance
transmission line sections of length and width frequency dependent.
In such a way, the presence of lumped elements is avoided and
coupled mode theory is applicable. It is well known that a two-port
network containing a shunt-connected capacitor is equivalent to a low
impedance transmission line section [22]. The single requirement is
that the electrical length of the line must be clearly below π/4 at the
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Figure 4. Representation of cos(ϕ) for the PL-EBG-CPW (bold lines)
and PL-CPW (thin lines) structures considered in case B (λT = 2l/3).
As in Fig. 3, ϕ = 2βl. The perturbation geometries for the PL-EBG-
CPW structures are: (a) stepped, (b) sinusoid and (c) sinusoid with
capacitor locations shifted π/2. To obtain these curves, those electrical
parameters of Section 4 (case B) have been used.
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Figure 5. Comparison of the frequency response of the PL-EBG-CPW
of Figure 4b (thin line) and that obtained for the planar equivalent
circuit with capacitors replaced with transmission line sections (bold
line). Undistinguishable results are obtained except at very low
frequencies.

frequency of interest. The length (deq) and characteristic impedance
(Zeq) of the equivalent transmission line are related to the capacitor
value by:

kdeq = ZeqωCls (5)

To guaranty the previous condition, the electrical length is set to
kdeq = π/10. Therefore, the characteristic impedance of the equivalent
transmission line section has a frequency dependence given by:

Zeq =
π

10ωCls
(6)

To verify the validity of the model, in Figure 5 are compared the
transmission coefficients of a PL-EBG-CPW perturbed by means
of a sinusoidal function with λT = 2l/3, and the same structure
with the capacitances replaced by transmission line sections. As
can be seen, the results are undistinguishable except at very small
frequencies, where the low impedance approximation fails. The key
point to understand the results of the previous section is that the
geometry of the planar equivalent circuit (with capacitors replaced
by low impedance transmission line sections) is not merely given by
the addition of the perturbation function and the stepped geometry
related to the presence of low impedance transmission line sections.
If this were the case, then the rejected frequencies would be those
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Figure 6. Fourier Transform of the coupling coefficient corresponding
to the planar circuit model of a PL-EBG-CPW with sinusoidal
perturbation and λT = 2l. Since the result is qualitative, shunt
capacitors have been replaced by short and low impedance transmission
line sections of constant dimensions. The arrows indicate the central
frequency of the spurious rejected bands.

corresponding to the presence of capacitances, plus rejected bands
centred at frequencies roughly given by the spectrum of the wave
impedance (or line geometry) of the unloaded line. However, the
layout of the planar equivalent circuit does not obey this additive
law. The result is the presence of additional rejected bands that are
consequence of new Fourier components in the coupling coefficient
of the planar equivalent circuit. To qualitatively illustrate this
interpretation, let us consider the structure with wave impedance
perturbation corresponding to Figure 3b. We have replaced the shunt
capacitances by low impedance transmission line sections of arbitrary
length and width and we have numerically calculated the Fourier
Transform of the coupling coefficient [23] by means of a FFT algorithm
using MATLAB. The result, shown in Figure 6, points out the rejection
of frequency bands related to the presence of capacitances (i.e., due
to the low impedance transmission line sections) and characterized
by the high power frequency components. Additionally, between
those components, lower peaks are indicative of the suppression of
undesired spurious passbands. Even though the perturbation function
is a sinusoid, the Fourier Transform of the coupling coefficient reveals
that multiple frequency bands are rejected, this being in agreement
with Figure 3b, and interpreted within the framework of coupled mode
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theory. A quantitative analysis based on the equivalent circuit model
is not possible since the dimensions of the low impedance transmission
line sections are frequency dependent. This justifies the arbitrariness
of the transmission line sections emulating the shunt capacitors.

4. SIMULATIONS AND MEASUREMENTS

To validate the analysis of the previous sections, we have simulated
two PL-EBG-CPW structures with square wave geometry and lumped
capacitances. To this end, the commercial software ADS-Agilent
Technologies has been used. One of the structures corresponds to
case A, i.e., λT = 2l, while in the other one, the period of the
perturbation has been chosen according to λT = 2l/3. For the
simulations and design of the structures, the parameters of the Rogers
RO3010 substrate have been used (εr = 10.2, thickness h = 1.27).
In the latter case, the results of the simulation are compared with
measurements obtained on fabricated structures. To avoid the presence
of lumped devices (which degrade the response at high frequencies
and complicate the fabrication process), a completely planar PL-EBG-
CPW has been also designed and fabricated, with the lumped elements
replaced by T-shaped capacitors. Let us now consider these structures
separately.

Structure A: λT = 2l (lumped reactances)

To design the structure, we first set the electrical parameters of
the unperturbed PL-CPW, i.e., a Bragg frequency of fB = 0.9 GHz
and a Bloch impedance (i.e., impedance seen from the ports) of 50Ω.
By using 4.4 pF shunt reactances (2.2 pF phicom capacitors disposed
in parallel pairs) the wave impedance of the unloaded line is found to
be 81Ω. From this, the lateral dimensions of the coplanar waveguide
have been obtained: the width of the central strip is W = 2 mm,
while the distance to ground planes is G = 2.5 mm. To determine
the distance between adjacent capacitor pairs, l, we need to know
the lower frequency of the first spurious band. If this is set to
2.3 GHz, then l = 3.4 cm. The LineCalc transmission line calculator
(included in ADS-Agilent Technologies) has been used to determine the
dimensions of the structure. Finally, to obtain the layout of the PL-
EBG-CPW, 15Ω step variations of wave impedance around the central
value have been considered, resulting in a square wave geometry, where
G alternates between 1.52 mm and 3.65 mm (the conductor strip width
being uniform). Figure 7 shows the simulated transmission coefficient
of both the perturbed PL-EBG-CPW and unperturbed PL-CPW
structures. Rejection in all bands occurs (including the first passband),
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Figure 7. Simulated frequency responses |S21| for the PL-EBG-CPW
(bold line) and PL-CPW (thin line) structure considered in case A
(stepped geometry). In the vicinity of 3 GHz the responses are affected
by the self resonant frequency of the capacitances, giving values below
the noise floor, which is ignored in the simulation.

in agreement with the analytical result of Section 2 (equation (4)).
Moreover, the magnitude of rejection increases with frequency, also
in accordance to that equation. Indeed, for the considered number
of sections (6 capacitor pairs), attenuation below the Bragg frequency
is not significant although a notch can be appreciated in the vicinity
of 0.8 GHz. However, the spurious bands are clearly rejected, with
attenuation levels above 50 dB in the central frequency of the bands. It
is also worth commenting that no ripple is observed at low frequencies.
This is indicative of a perfect match, even for the perturbed structure
and is explained by the symmetric variations of wave impedance around
the nominal value. The reported simulations and analytical calculation
of the previous sections point out that a complete rejection of spurious
bands can be achieved by means of a perturbation periodicity covering
two capacitor stages (λT = 2l). This suppression of bands can be
even more effective and the narrow peaks at both sides of the rejected
bands can be attenuated if stronger variations of wave impedance are
considered. On the other hand, even though the frequency response
is not significantly varied below the cutoff frequency, attenuation in
this band might be important if the number of stages is increased.
Therefore it is of interest the suppression of undesired bands while
leaving the first band unaltered. According to the results of Section 2,
this can potentially be achieved if the period of the perturbation is set
to λT = 2l/3.

Structure B: λT = 2l/3 (lumped reactances)

In this case, not only comparative simulations of the perturbed
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Figure 8. Fabricated PL-EBG-CPW structure with five capacitor
pairs.

and unperturbed structures will be shown. We will also obtain the
measured frequency responses on fabricated devices. Therefore, it is
important to design the structure in such a way that a significant por-
tion of the frequency response lies below the self-resonant frequency
of shunt reactances (2.2 pF phicom capacitors), which is in the vicinity
of 3 GHz. For this reason, the Bragg frequency and the lower frequency
of the first spurious band have now been set to 0.7 GHz and 1.2 GHz,
respectively. Under these conditions, the passbands of the structure
are shifted to lower frequencies and the second spurious band is
clearly separated from the resonant frequency of shunt capacitances.
With these electrical parameters, the geometry of the PL-CPW
(unperturbed structure) is given byW = 2.2 mm, G = 1.56 mm and l =
6.1 cm, resulting in a 50Ω Bloch impedance and 65Ω impedance for the
unloaded line. For the design of the PL-EBG-CPW structure, the wave
impedance of the line has been modulated with step variations of 15Ω
up and down. By maintaining the width of the signal strip uniform,
the distance to ground planes has been found to be G = 0.77 mm for
the low impedance portions and G = 2.52 mm for the high impedance
sections (the fabricated structure is shown in Figure 8). Figure 9 shows
the simulated (using ADS-Agilent Technologies) and measured (using a
hp-8753D network analyzer) frequency responses for the fabricated PL-
EBG-CPW and PL-CPW structures. Undistinguishable results below
the Bragg frequency are obtained in both structures (simulation and
measurement), in agreement with the predictions of Section 2. Above
this frequency, suppression of the first and second spurious band with
rejection levels above 30 dBs are clearly observed (center frequency).
Since the perturbation geometry is a square wave, and the EBG
structure has been designed with a fundamental (rejected) frequency
centered in the first band, elimination of the second spurious band is
actually a result not expected within the framework of coupled mode
theory. Nevertheless, rejection of this band is in agreement with the
numerical results of Section 2, based on the calculation of the dispersion
relation of the structure, and has been explained by the interaction
effects between the EBG structure and the periodicity associated to
the presence of capacitors. For higher order spurious bands, the self-
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Figure 9. Simulated (a) and measured (b) transmission coefficients
|S21| for the fabricated PL-EBG-CPW (bold line) and PL-CPW (thin
line) structures. In (c), the measured reflection coefficient |S11| is
depicted for both the PL-EBG-CPW (bold line) and PL-CPW (thin
line) structures. These results demonstrate the absence of radiation
losses.

resonant frequency of shunt capacitors degrades the frequency response
and this obscures the effects of the EBG, although these are still visible
in the rejection of the fifth band. These results thus demonstrate that
a complete rejection of spurious bands can be achieved in periodic
loaded coplanar waveguides by means of a very simple perturbation
geometry, leaving unaltered the operative bandwidth of the structure
(delimited by the Bragg frequency), and the required physical length
for the device.
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Figure 10. Layout of the planar PL-EBG-CPW structure with seven
capacitor stages.

Structure C: λT = 2l/3 (T-shaped capacitances)

Since lumped elements are not present in this case, the structure
has been designed to exhibit a cutoff frequency of fB = 2.5 GHz, with
the result of smaller device dimensions. The distance between adjacent
capacitances and the lateral dimensions of the unperturbed structure
are l = 13.3 mm, W = 1.5 mm and G = 3.15 mm. With this geometry,
and a nominal value of Cls = 2.3 pF, the device is matched to a 50Ω
impedance, while the characteristic impedance of the unloaded line
is Zo = 95Ω. In order to obtain an efficient rejection of spurious
frequencies, the PL-EBG-CPW structure has been designed with 35Ω
step variations of wave impedance. To achieve this modulation degree,
the strip width has been varied in this case, while the distance between
ground planes has not been modified along the device. By means of
the LineCalc, it has been found that the strip width oscillates between
W = 0.4 mm and W = 4.4 mm in the high and low impedance sections
of the structure. Obviously, the dimensions of the T-shaped capacitors,
have been determined to provide the nominal value of capacitance (i.e.,
Cls/2). To this end, full wave em simulations have been carried out by
means of the commercial software CST Microwave Studio on reference
T-shape based structures. The layout of the fabricated device is shown
in Fig. 10. Fig. 11 shows the measured frequency response, compared
to that obtained on the unperturbed (uniform strip width) structure.
As can be seen, significant attenuation of the spurious frequencies is
achieved, while the passband of the structure is not affected by the
step variations in strip width. The proposed planar structures exhibit
therefore low insertion loss in the passband, a very sharp cutoff and a
wide stop band.
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Figure 11. Measured transmission (a) and reflection (b) coefficients
for the planar PL-EBG-CPW (bold line) and PL-CPW (thin line)
structures.

5. CONCLUSIONS

In this work, the frequency selective behaviour of coplanar waveg-
uides periodically loaded with shunt capacitances, and periodically per-
turbed by varying the distance between the central strip and ground
planes has been studied. With an effort focused on the rejection of
the spurious passbands of the device, two EBG structures have been
analysed: one of them designed to reject the first spurious band and
the other (with longer perturbation period) tuned in the first frequency
band (i.e., below the Bragg frequency). To gain insight on the effects of
the perturbation geometry, both square wave and sinusoidal functions
have been considered. The analysis of these structures, based on the
calculation of the dispersion relation, has pointed out that the rejected
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spurious bands are not merely given by the Fourier transform of the
perturbation geometry. It has been found, for instance, that multiple
spurious bands can be suppressed by using a (simply tuned) sinusoid
layout pattern. This excess of rejected bands, not explained within the
framework of coupled mode theory, has been demonstrated to be due
to the presence of capacitors (not accounted for in that theory) and has
been interpreted by means of a planar equivalent circuit model of the
structure, where the loading capacitors are replaced by low impedance
transmission line sections of frequency dependent width and length.
On the basis of comparative simulations we have demonstrated the va-
lidity of the planar equivalent circuit, where the coupled mode theory
is applicable. The key point to qualitatively understand the analytical
results is that the geometry of the equivalent circuit is not given by the
superposition (addition) of the EBG geometry and the layout associ-
ated to the presence of low impedance transmission line sections. We
have finally carried out simulations and measurements that support
the analysis based on microwave network theory. We have found that
all spurious frequency bands are attenuated by using a square wave ge-
ometry with perturbation periodicity related to the distance l between
adjacent capacitors by λT = 2l/3. In addition, the simulations and
measurements indicate that the presence of the EBG does not mod-
ify the frequency response below the Bragg frequency. On the basis
of a fabricated planar structure with the lumped reactances replaced
by T-shaped capacitors and significant wave impedance modulation,
it has been experimentally obtained an efficient suppression of spuri-
ous bands up to at least 16 GHz. The result is a low pass frequency
response with a very wide stop band.

To conclude, it has been demonstrated that multiple frequency
bands can be rejected in periodic loaded coplanar waveguides by
means of the EBG method, using very simple perturbation geometry.
This avoids the need of cascading several EBG stages or superposing
various perturbation functions tuned at the desired frequencies [24].
The results of the work open the possibility to fabricate CPW-based
microwave and millimetre wave filters, phase shifters and frequency
multipliers with improved performance.
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