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2 Photonic Bandgap Structures in Microstrip Technology:

1. Background

In the last years the field of periodic structures for electromagnetic waves has received an
important impulse with the introduction of the novel and fruitful concepts of Photonic Bandgap
(PBG) and Photonic/Electromagnetic Crystal. These novel concepts were originally developed
by Yablonovitch [YAB 87] and John [JOH 87] in the latest 1980s, in the optical wavelength
region. The idea was to design materials so that they can affect the properties of photons, in
much the same way that ordinary semiconductor crystals affect the properties of electrons. Both
Yablonovitch and John suggested that structures with periodic variations in dielectric constant,
resembling the self-organized structure of atoms in a semiconductor, could influence the nature
of photonic modes in a material, creating forbidden frequency bands in certain directions
(partial photonic bandgaps) or in all the directions (complete photonic bandgaps). These new
materials were called Photonic Crystals or Photonic Bandgap (PBG) Crystals. Figure 1 shows
schematics of Photonic Crystals with one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) periodic variations of the dielectric constant.
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Figure 1: Photonic Crystals or Photonic Bandgap (PBG) Crystals showing periodicity in several
dimensions. From left to right, (a) one-dimensional (1D), (b) two-dimensional (2D), and (c) three-
dimensional (3D) periodic arrangements of implants of a dielectric constant (or refractive index)
embedded in a host with another dielectric constant.

This way, PBG crystals can be defined as one- two- or three-dimensional periodic structures in
which the propagation of electromagnetic waves is not allowed in some frequency bands or
directions, behaving in a similar way as electronic crystals (e. g. semiconductors) do for the
flow of electrons [JOA 95]. Their operation rely, however, on the well-known Bragg reflection
effect, but in this case one- two- or three-dimensional periodic structures can be involved, and
hence the term ‘generalized Bragg reflection’ is sometimes used.

Of special importance to establish and extend the knowledge on these novel concepts and
materials was the edition of ‘Photonic Crystals’, by Joannopoulos et al. [JOA 95]. It was the
first book entirely devoted to the topic, and it is indeed a very valuable reference.

Although the research was initially focused on the optical wavelength region, PBG crystals and
properties are scalable and applicable to a wide frequency range. This happens because
Maxwell’s equations have no fundamental length scale. Actually, the implications for the
microwave and millimeter wave domains became soon apparent and multiple interesting and
promising structures and applications were developed.

It is worth saying that far from the optical frequency range, ‘Photonic Crystal’ could be an
ambiguous term, and the denomination ‘Electromagnetic Crystal’ seems to be natural and has
been also proposed at those non-optical frequency ranges. However, and although it was
somehow controversial, they are also frequently termed simply as PBG (i.e. Photonic Bandgap)
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structures, regardless of the frequency regime of operation. Here, ‘Photonic’ should be
understood neither with the meaning of referring to optical frequencies, nor considered as
underlining any kind of process related to the wave-particle duality. Here, ‘Photonic’ only
enhances the relationship of all these structures with those in the optical range where they first
appeared, as well as, owing to the scaling property of the solution of Maxwell’s equations, it
makes apparent that many concepts and ideas developed for them in the optical range can be
directly transposed to other frequency ranges. Additionally the term ‘Photonic Crystal’ reminds
the fact that a fruitful analogy can be established between the operation of these structures and
the way in which ordinary semiconductor crystals affect the properties of electrons.

Specially significant from the point of view of nomenclature in the framework of this thesis is
the term employed by the pioneers in the introduction of PBG structures in microstrip circuits
and in their applications. This pioneering and leading role has been carried out by Prof. Tatsuo
Itoh and his group at the University of California in Los Angeles, using the term ‘PBG
structure’.

PBG structures at microwave frequencies were initially realized by scaling the structures used at
optical frequencies. That implied micromachining holes into dielectric slabs to create a 2D
[GAU 97] periodic variation of the material dielectric constant. Machined slabs could be also
stacked to create a 3D periodic variation of the dielectric constant [SMI 99]. Specially famous is
the ‘woodpile’ structure, Fig. 2, a layer-by-layer PBG crystal made of stacked alumina rods, of
the lowa State University [HO 94, OZB 96].
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Figure 2: The ‘woodpile’ 3D PBG crystal made by stacking alumina rods

The main applications proposed for these microwave PBG structures were their use as
substrates for planar antennas (to improve their efficiency and radiation pattern by forbidding
surface wave excitation) [GAU 97, SMI 99] the implementation of reflectors (since they provide
wide and deep reflected frequency bands) [KES 96], and the implementation of resonant
cavities and waveguides [TEM 99].

However these configurations, while useful, have two main drawbacks: firstly, they are not easy
to fabricate and, secondly, they are big in terms of wavelength. To reduce the PBG crystal
dimensions the use of metallodielectric configurations was proposed [BRO 95, FAN 96, SIE
98]. An effective example of metallodielectric crystal is given by the high-impedance ground
plane described in [SIE 98a], and employed to improve a patch antenna performance in [QIA
98]. It is comprised of a grounded dielectric slab periodically loaded with a square lattice of
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square metallic pads. The edges of the pads are a few millimeters apart, realizing a 2D periodic
network of capacitors. Each pad is connected to the ground through one via at its center, which
provides the inductive part of the LC-network.

These approaches, although very effective, require a non-planar fabrication process. In the latest
1990s, Prof. Tatsuo Itoh’s group at the University of California in Los Angeles, focused on the
development of planar PBG crystals that do not need vias and that can be easily integrated in
conventional planar microwave and millimeter-wave circuits. His achievements constituted a
real breakthrough in the application of PBG structures in the microwave and millimeter wave
filed, since the planar circuit technology is the driving force for modern microwave and
millimeter wave applications, because of its enormous advantages including greatly reduced
hardware size and weight, lower profile, easier integration with solid state devices, low power
consumption, conformal implementation on moving platforms, and greatly reduced fabrication
cost because they can be simply printed on a circuit board or semiconductor wafer in large
quantities instead of being machined piece by piece. However, one of the fundamental
disadvantages of planar circuits when used at high frequencies is their relatively high loss or
low quality factor (Q), in comparison to the classical and bulky metallic waveguide systems. It
is therefore extremely interesting to explore novel ideas, concepts and structures, like the PBG
crystals, to try to improve the performance of planar microwave and millimeter wave systems.
Actually, this thesis will be devoted specifically to the study PBG structures in the most popular
microwave planar circuit technology: the microstrip technology.

The first approach proposed by Prof. Itoh to produce a PBG structure in microstrip technology
consisted in drilling a periodic pattern of cylinders in the substrate of the microstrip line to
locate implants of different materials within them, or to leave them filled by air [QIA 97]. A
photograph of a prototype is shown in Fig. 3. However, it was soon found that PBG structures
with even deeper and wider stopbands could be simply achieved by etching a periodic pattern of
circles in the ground plane along the microstrip line. This approach is simpler to fabricate,
compatible with the monolithic technology, and permits the PBG structure to be integrated with
other microstrip components in the upper plane. As a first approximation, a PBG microstrip
structure with three rows of same-size and equidistant circles, one of them etched in the ground

Figure 3: PBG crystal in microstrip technology obtained by drilling a periodic pattern in the dielectric
substrate, as it was originally proposed by Prof. Itoh at UCLA.

(Source: http.//www.cwc.nus.edu.sg/mews/seminar/archl.shtml, speaker’s notes on ‘Photonic Bandgap
structures for microwave circuits’, by Dr A. Alphones at the Center for Wireless Communications,
National University of Singapore).
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plane just below the upper-plane conductor strip and the two others at both sides of it, was
designed [RAD 98]. A photograph of a prototype is shown in Fig. 4.

An also very interesting PBG structure for planar microwave circuits was later proposed. It is a
more compact crystal referred to as Uniplanar Compact PBG (UC-PBG) structure, which
realizes a 2D periodic network of LC circuits without introducing vias. It is also very attractive
for applications to MICs and MMICs because of the easy and low cost realization as well as
compatibility with standard fabrication techniques, although the rejection level provided by it in
the forbidden band is not as predictable and regular as in the previous structures [QIA 98a,
Y AN 98]. A sketch of the PBG crystal structure can be seen in Fig. 5.

The range of applications proposed for these PBG structures in microstrip technology in the last
years has been very wide. Among them we can include broadband harmonic tuning in power
amplifiers [RAD 98a, RAD 98b, RAD 98¢, HAN 99, YOO 01], oscillators [XUE 01] and
mixers [YAN 99a], to increase the output power and the efficiency, and to reduce the spurious
harmonics of these active devices; the implementation of microstrip lowpass filters with a wide
high-frequency rejection bandwidth [RUM 98, YAN 99a, KIM 00]; the implementation of
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Figure 4: PBG crystal in microstrip technology obtained by etching a 2D lattice of holes in the ground
plane (b), while the upper plane is unperturbed (a), as it was originally proposed by Prof. Itoh at UCLA.
The photograph shows a prototype fabricated at the Public University of Navarre, Spain.

Substrate Ground Plane

Figure 5: Uniplanar Compact PBG (UC-PBG) structure proposed by Prof. Itoh at UCLA. This more
compact crystal realizes a 2D periodic network of LC circuits without introducing vias, as it is shown in
the sketch.

(Source: http://www.cwc.nus.edu.sg/news/seminar/archi.shtml, speaker’s notes on ‘Photonic Bandgap
structures for microwave circuits’, by Dr A. Alphones at the Center for Wireless Communications,
National University of Singapore).
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microstrip bandpass filters with intrinsic spurious suppression [YAN 98a, YAN 99, YAN 00, JI
00]; and suppression of radiation at harmonic frequencies in microstrip patch antennas with
PBG ground plane [HOR 99], or reduction of their power losses and improvement of their
radiation pattern and efficiency due to the inhibition of surface wave excitation [COC 98, COC
99].

Other more sophisticated applications that are also interesting to mention include the reduction
of parallel-plate mode leakage in conductor-backed coplanar waveguide and in stripline [MA
98, MA 99, YAN 99], the suppression of the coupling between adjacent microstrip lines [LEO
02], and the implementation of TEM waveguides [YAN 99b]. It is also interesting to note that
other different periodic patterns have been proposed by several groups to implement PBG
crystals in microstrip technology [XUE 00, KIM 00a], and even PBG structures for coplanar
waveguides have been lately proposed [FU 01].

Actually, the topic of PBG structures for planar microwave circuits (particularly microstrip
circuits) has attracted an increasing interest among the researchers in the last years, that has led
to an important number of journal articles devoted to them, and to the introduction of sections
dedicated to the topic in the latest books about microstrip technology that have been published
[EDW 00, HON 01, ITO 01]. It can be said that the topic is growing very quickly and becoming
quite popular in the microwave planar circuit community, due to the promising and exciting
applications envisaged. However, the new terminology, concepts, ideas and applications must
not fade the fact that these devices are intimately related to the historically known microwave
and millimeter wave periodic structures [COL 91]. In fact, microwave applications of periodic
structures can be dated back to the early days of radar, with such examples as one-dimensional
(1-D) slotted-waveguide array antennas, as well as two-dimensional (2-D) frequency selective
surfaces (FSSs) and polarization diplexers. The emphasis of recent research efforts, however, is
on 1-D or 2-D PBG structures that are compatible with modern planar circuit fabrication
technology. Applying the PBG concept allows one to greatly extend the horizon of imagination
when conceiving novel structures to control the behavior of electromagnetic waves, whether it is
a guided wave, surface wave, or radiation wave. For example, as it has been previously
commented, microstrip-based lowpass (rejected band) filters can be achieved applying the PBG
concept by modifying the dielectric substrate [QIA 97] and/or the ground plane [RAD 98, YAN
99], rather than following the traditional high-low impedance line approach. In the same way,
applying the PBG concept, surface wave and leaky wave suppression can be achieved by the
same means.

2. Main contributions of the thesis

The work presented in this thesis is focused on the study of PBG structures in microstrip
technology for circuit applications. The starting point will be the PBG structure for microstrip
lines proposed by Prof. Itoh in 1998, and obtained by etching a periodic pattern of circles,
following a square lattice, in the ground plane of a microstrip line (see Fig. 4) [RAD 98]. The
frequency response of this structure was very promising, since it included a low-loss passband,
together with a wide and deep rejected band whose central frequency is fixed by the periodicity
of the perturbation. However, the analysis and design of the structure was troublesome, since it
features a ground plane perturbation of distributed nature, that is difficult to fit in the models
customarily employed to analyze microwave periodic structures. Actually, the analysis and
design of these devices was carried out with no more tools than time-consuming full-wave
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electromagnetic simulations, and a trial method was used to adjust the structure parameters to
satisfy the required specifications. In order to surpass these difficulties, and to have a better
insight into the operation of the structure, a very convenient way to model Photonic Bandgap
structures for planar microwave and millimeter wave circuits that suits very well distributed
perturbations is proposed: the use of the coupled mode theory. Here we have applied it to PBG
structures in microstrip technology, but it could be easily extended to other planar waveguides.
In order to formulate an accurate coupled mode theory suitable for microwave and millimeter
wave devices, the cross-section method was used in the chapter 2 of this thesis. The basic idea
of the cross-section method is that the electromagnetic fields at any cross section of a
nonuniform waveguide can be represented as a superposition of the forward and backward
travelling waves associated to the different modes of an auxiliary uniform waveguide that has
the same cross section and identical distribution of € and [ as the considered cross section. The
coefficients of this superposition can be seen as the complex amplitudes of the modes along the
nonuniform waveguide, and satisfy a set of first order linear ordinary differential equations, that
turn into integro-differential equations for open waveguides, known as the coupled mode
equations. In this way, the general problem of field derivation in a nonuniform waveguide (i.e.
the three-dimensional (3D) electromagnetic problem) is reduced to the two-dimensional (2D)
problem of mode field calculation in a uniform waveguide, and to the one-dimensional problem
(1D) of solution of the coupled mode equations.

The method was rigorously applied to analyze open waveguides that can include metals, and in
particular perturbed ground planes and strip conductors, covering all of our cases of interest. As
a result of it, the system of coupled mode equations that characterizes the nonuniform
waveguide of interest was obtained. The system includes the discrete and the continuous
spectrum modes, and takes into account all the phenomena (including the radiation), with no
approximation involved.

The expansion of the fields realized is the following:

A M - Q -
E(ey2)= Y a,()-E'(xp,2)+ Y, [ ak,2)E (5, .k, 2)-dk,
=0

i=—M

N M - Q -
H(x,p,2)= Xa,2)-H'(x,0,2)+ Y, [a,(k,2) A (x,9,k,2)-dk,
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and the coupled mode equations obtained are:
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Finally, the expression for the coupling coefficient obtained for our case of interest of a
microstrip line with a perturbed ground plane is:
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Figure 6: Front view of a microstrip line with a pattern etched in the ground plane, showing the
integration paths, L., L_, in blue color, for the coupling coefficient expression.
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and the variables and integration paths are represented in the drawing of Figure 6.

It is interesting to remark that there are no approximations involved in these expressions.

However, as it is explained in the chapter 3 of the thesis, the problem can be notably simplified
by realizing several reasonable approximations that will eventually lead to a simplified system

of coupled mode equations that allows us to obtain a fast numerical solution of the general

problem, and that features analytical solutions for the case of uniform PBG structures. In this

way, a comprehensive set of analytical expressions for the most important design parameters of
PBG microstrip structures will be furnished. The set of analytical expressions available cover a

wide scope, ranging from the S parameters to the Bloch wave analysis, and constitutes a very

useful and unique set of tools for the analysis and design of these devices.

The reasonable approximations introduced to obtain the simplified system of coupled mode
equations valid for PBG structures for microstrip lines are:

We are going to neglect the coupling of energy to the modes of the continuous spectrum.
This can be done because the energy of these modes is primarily radiated, and since the
devices that we are going to study (filters, resonators, ..) have very little radiation losses in
the frequency bands of interest, the error involved in the approximation will be small.

Regarding the modes of the discrete part of the spectrum, for the frequency band of interest
we will only have the quasi-TEM mode for the sections of pure microstrip line, and a quasi-
microstrip mode together with a quasi-slot mode for the sections of microstrip with slot in
the ground plane that appear due to the introduction of the PBG structure. There will be no
higher order modes due to the frequency band of interest and to the thickness of the
substrate employed, in the same way as it would happen for a pure microstrip line. Since the
excitation of the devices under study will be done through a pure microstrip line, the
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excitation mode will be always the quasi-TEM mode of the microstrip line (fundamental
microstrip mode). This mode has very high correlation with the quasi-microstrip mode
(actually it can be seen as the same mode), and very low correlation with the quasi-slot
mode, so we can approximate neglecting the excitation of the quasi-slot mode and assuming
that only the quasi-microstrip mode is excited.

These approximations lead us to assume single mode operation in our PBG structure for
microstrip lines, and in this way they significantly simplify the coupled mode equations. With
them, we have to take into account only one mode (the fundamental microstrip or quasi-
microstrip mode), with two associated waves: the forward and backward travelling waves, and
the system of coupled equations simplifies to:

da* . . -
+j-B-a"=a -K

dz

da- . _ .

“ i Ba=a-K

7 j-B-a =a

In the same way it is demonstrated that the coupling coefficient can be approximated by:

K(z)= 11 dz,
2 Z, dz

and therefore a quick numerical solution of the general problem can be obtained.

Additionally, for the common case of uniform (fully periodic) PBG structures, approximate

analytical solutions have been obtained. To get them two new approximations have been

employed:

e We approximate the phase constant 3 (and hence the effective dielectric constant &) as a
variable constant with z. This approximation involves the election of an “averaged” f (and

&) for the device under study. It is demonstrated that the most appropriate value for it is:

pen=2EL e D) eeﬁ=(i-f\/eeﬁ(z)~dz)

C

e Due to the fact that the PBG structure for microstrip lines will be periodic along the z
direction with period A, the coupling coefficient, K(z), will be periodic with the same
period, and hence it will be amenable to be expanded in a Fourier series. We select one
rejected band as the Bandgap of interest (the n-th rejected frequency band), and in this way,
we take only the corresponding term of the Fourier series of K(z):

= '-Z—H-n-z
K()= YK, 2" k=j-K,

N=—oo

Consequently it is demonstrated that for the frequency range around the n-th rejected frequency
band, the coupled mode equations of the PBG structure in microstrip technology can be
approximated in the following way:
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and this simplified system of coupled mode equations features analytical solution.

From the analytical solution, a set of analytical expressions for the most important design
parameters of the PBG structure in microstrip technology are obtained, including the S
parameters, frequency of maximum attenuation, value of the maximum attenuation, rejected
bandwidth, transmission matrix:
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and even the Bloch wave analysis parameters: dispersion diagram and Bloch wave characteristic
impedance.

These analytical expressions have been tested in several PBG prototypes in microstrip
technology, both in simulations and measurements, showing very high accuracy and
demonstrating that they constitute a very useful and unique set of tools for the analysis and
design of these PBG devices.

To finish the theoretical part of the thesis a relation between the coupling coefficient of the PBG
structure, K(z), and its reflection parameter, S;;(f) , is obtained in terms of Fourier transforms.
The approximate expression for structures with low reflectivity reveals that the Fourier
transform of the coupling coefficient is equal to the reflection parameter, while the general
expression valid also for high reflectivity has the form of a series that includes additional terms.

It is interesting to note that a system of coupled mode equations identical to the last one is also
obtained when a uniform Fiber Bragg Grating or a uniform optical periodic dielectric
waveguide is studied by using the coupled mode theory [PAS 96, YAR 97, YAR 84]. However,
the starting point to obtain the equations is different from the one that we have used for PBG
structures in microstrip technology.

In the case of Fiber Bragg Gratings, the longitudinal perturbation introduced in the refraction
index is very small, and therefore we can approximate assuming that the longitudinal
perturbation doesn’t alter the (x,y) dependent part of the fields of the mode, nor its phase
constant, and it only affects the amplitude of the associated wave and hence the power carried.
The approach taken assumes that the fields in a cross section of the perturbed optical fiber can
be represented as a superposition of the modes of the unperturbed optical fiber. The amplitude
of the waves associated to these modes will be variable with z though. This approach is referred
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to in [MAR 91] as “expansion in terms of ideal modes”, while the approach that we use to
model PBG structures for microstrip lines (the cross section method) is referred to as
“expansion in terms of local normal modes”.

It is worth noting that the expansion in terms of ideal modes is very good for the case of Fiber
Bragg Gratings because the perturbation present in the optical fiber is very small, but it
wouldn’t be suitable for PBG’s in microstrip technology. In the PBG case, the perturbation
introduced is so strong that the modes of the unperturbed structure can no longer be taken as a
base to expand the fields in all the perturbed structure, but different modes must be taken for
different cross sections.

However, the fact that the simplified equations that govern the behavior of both kind of devices
are the same suggests that a lot of ideas and techniques employed in the developed and mature
field of Fiber Bragg Gratings could be easily and successfully translated to the novel and
emerging field of PBG structures for planar microwave and millimeter wave circuits.

The study of PBG structures in microstrip technology using the coupled mode theory provides
also physical insight about the operation of the structure, and reveals a direct and fruitful link
with the well established topic of Fiber Bragg Gratings (FBGs) in the optical regime. As a
consequence, several ideas and techniques that are widely employed in the field of FBGs, can
be transposed to the novel and emergent field of PBG structures for microstrip lines, to improve
their performance. In this way, in the chapter 4 of this thesis, optimization techniques to
enhance the performance of PBG structures in microstrip technology are proposed and tested.
The results obtained are very satisfactory.

The frequency response of a PBG structure in microstrip technology features a wide rejected
band whose central frequency is fixed by the periodicity of the periodic perturbation. However,
the frequency response of a conventional PBG device includes also characteristics that can be
detrimental in many applications: an important ripple appears in the passbands placed to the left
and to the right of the rejected band; sometimes a wider rejected bandwidth can be needed; for
some applications the circuit area required to implement the PBG structure can be too large; and
for other applications the periodicity present in the frequency response (rejected bands at the
harmonics of the design frequency) can be troublesome. As it has been commented, in the
chapter 4 of this thesis several techniques that allow us to surpass this potential problems are
proposed and successfully tested, giving rise to improved PBG microstrip structures.

In Figure 4, the upper plane and the ground plane of a PBG microstrip prototype as originally
proposed by Professor Itoh at the University of California in Los Angeles (UCLA) [RAD 98]
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Figure 7: Measured S;; (thin line) and S,; (thick line) parameters for the PBG microstrip prototype
shown in the photographs of Fig. 4. It has been designed as originally proposed by Prof. Itoh at UCLA.
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was shown. As it has been previously commented this prototype was the starting point of my
work in this thesis. Its frequency response is given in Figure 7.

An overview of the optimization techniques proposed in this thesis to obtain improved PBG
microstrip structures is shown in Figure 8 and Figure 9.

m (b)
(a)
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Figure 8: Schematic representation of the optimization techniques proposed to obtain improved PBG
microstrip structures. (a) Original PBG microstrip structure as proposed by Prof. Itoh, (b) 1-D PBG
microstrip structure, (c) Tapering techniques, (d) Chirping techniques, (e) Meandering techniques

The initial periodic patterns proposed to implement PBG structures for microstrip lines were
two dimensional (Fig. 8(a)). However, the operation of the resulting PBG microstrip circuit was
1D effective, since only the periodicity along the longitudinal dimension of the conductor strip
was used. Moreover, due to the high confinement of the fields around the conductor strip of the
microstrip line, the field levels outside the central row of circles of the periodic pattern will be
very low. Finite Element three dimensional electromagnetic simulation of the PBG structure
with two dimensional pattern confirms this fact, and reveals that field levels at the outer rows of
the periodic pattern are negligible. This suggests that PBG microstrip structures consisting of
only the central row of the pattern (1D) (Fig. 8(b)) will have similar behaviour as a 2D
structures. The advantage of a 1D implementation is a considerable reduction in the transverse
size of the device.

As it can be seen in Figure 7, an important ripple appears in the passbands placed to the left and
to the right of the rejected band. This can be troublesome in certain practical applications. To
suppress it the use of tapering techniques that consist on the application of a tapering (or
windowing) function over the circle radii distribution is proposed in this thesis (see Fig. 8(c)). In
the same way, chirping techniques that consist on a continuous variation of the period along the
PBG structure are proposed here to increase the rejected bandwidth for certain applications (see
Fig. 8(d)). The effect of both techniques can be clearly understood taking into account the
Fourier transform relation that exists between the coupling coefficient and the reflection
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parameter. Finally, the use of meandering techniques is also proposed as seen in Figure 8(¢e) to
obtain very high rejection levels in a compact circuit layout area.

The Fourier transform relation between the coupling coefficient, K(z) (that is approximately
proportional to the derivative with z of the etched profile), and the reflection parameter, S;;(f), is
further exploited to obtain single frequency tuned PBG microstrip structures (using a sinusoidal
perturbation, Fig. 9(b)) and multiple frequency tuned PBG microstrip structures (using a pattern
formed by the addition of multiple sinusoidal perturbations, Fig. 9(c)). These novel structures
produce one rejected frequency band and multiple rejected frequency bands, respectively, in
contrast with the conventional PBG structure (Fig. 9(a)) that produces a periodic frequency
response.
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Figure 9: Schematic representation of the optimization techniques proposed to obtain improved PBG
microstrip structures. (a) 1-D PBG microstrip structure, (b) Single frequency tuned PBG microstrip
structure, (c) Multiple frequency tuned PBG microstrip structure.

All of these optimization techniques have been thoroughly tested, both in simulation and in
measurement, showing very good performance and constituting very interesting design
techniques for a lot of practical applications.

To finish my thesis, in chapter 5 several examples of practical applications of PBG structures in
microstrip technology are proposed and tested. The range of applications considered is quite
wide, including the suppression of spurious bands and harmonics in passive and active circuits
for enhanced out of band behaviour and higher efficiency, the implementation of enhanced
lowpass filers and high rejection bandpass filters, the implementation of high-Q fully planar
resonators, and the design of chirped delay lines to realize quadratic-phase filters with
applications like real-time Fourier analysis. All of the examples presented show successfully the
feasibility of the applications proposed and, in general, the high potential of these novel
structures. Let’s see here some of them. The rest can be found in the thesis.

Spurious passband suppression in passive devices:

In Figure 10, several examples of prototypes of passive devices incorporating PBG structures to
suppress spurious passbands are shown. Specifically a lowpass filter (Fig. 10(a), Fig 10(d)), and
a multisection transformer (Fig. 10(d), Fig 10(e)), with two different PBG profiles are shown.
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As it can be seen a very effective rejection of the spurious passband (Fig. 10(c¢)) or of the
undesired passband (Fig.10(f)) is obtained.
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Figure 10: Sketches of the lowpass filter prototypes with PBG constituted by a discrete pattern of circles
(a), and with PBG constituted by a raised-sine pattern (b), and of the multisection transformer prototypes
with PBG constituted by a discrete pattern of circles (d), and with PBG constituted by a raised-sine
pattern (e). The red parts represent the upper plane conductor strip, and the blue parts represent the area
etched in the ground plane.

The simulated frequency responses for the lowpass filter prototypes (c) and for the multisection
transformer prototypes (f), are also given including the conventional prototypes (red line), the prototypes
with discrete PBG of circles (blue line), and the prototypes with continuous PBG of raised-sine pattern
(pink line)

In Figure 11, the usefulness of some of the concepts developed up to now for PBG microstrip
structures is broadened to other classical microstrip circuits. Here, the strip width modulation of
otherwise traditionally designed parallel-coupled-line microstrip bandpass filters is proposed in
order to suppress their spurious passbands. It is shown that employing a continuous modulation
pattern that follows a sinusoidal law, as that previously proposed for the ground plane, the
replica of the response at the harmonic of the design frequency can be eliminated, thereafter
improving strongly the filter performance, provided that the sinusoidal perturbation period is
tuned at the frequency band to reject. Moreover, if the strip width modulation is tuned
simultaneously at several sine functions, as in multiple-frequency-tuned PBG microstrip
circuits, then several harmonic passbands could be rejected, whenever the sine periods are
appropriately tuned at these frequency-bands. This way, these coupled-line microstrip bandpass
filters with sine-like modulated strip width have enhanced out-of-band behavior, whilst the main
passband is kept virtually unaltered. In Figure 11(a) a schematic of the proposed technique is
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shown together with the frequency response of the optimized filter (Fig. 11(b)) compared to that
of the conventional filter. A strong rejection of the spurious passband is demonstrated.
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Figure 11: (a) Schematic of a Wiggly-line bandpass filter resulting after applying the strip width
modulation to a classical coupled-line order-3 bandpass microstrip filter, and (b) Measured S,
parameters for a classical coupled-line order-3 Butterworth bandpass microstrip filter centered at 2.5
GHz with a 10% fractional bandwidth (thick solid line); for a wiggly-line filter with M =37.5%
(dashed line); and for a wiggly-line filter with M = 47.5% (thin solid line).

Harmonic suppression in active circuits:

Now, the performance of an active antenna in microstrip technology is notably improved by
introducing PBG structures produced by etching the ground plane. The active antenna consists
of a microwave oscillator directly feeding a patch antenna, and the aim of the PBG structure
introduced is to suppress the harmonics present in the radiated power spectrum, increasing at the
same time the power level in the fundamental frequency. The PBG structure is tuned to reject
the first and the second harmonics. The layout of the prototype is presented in Figure 12(a), and
its measured power spectrum in Figure 12(b). The introduction of the PBG structure is trouble-
free, since it does not require a redesign of the circuit, and the circuit layout area needed will be
maintained. As it can be seen the radiated power at the fundamental frequency is increased,
while a the radiated power at the first and second harmonics is strongly decreased.
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Figure 12: (a) Layout of the active antenna prototype with PBG, designed to operate at 4.5 GHz. The
orange parts represent the upper plane conductor strip, and the blue parts represent the area etched in
the ground plane, and (b) Measured power spectrum for the classical active antenna (blue line) and for
the active antenna with PBG (red line). The frequency dependency of the horn antenna gain is
disregarded.
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