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of the PBG array and recombines over times of several
microseconds allowing for the characterization of the
microstrip transmission over a range of plasma density.
The results confirm a switchable transmission due to
plasma interactions with the electromagnetic field within
the PBG structure.
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Abstract
We present a microstrip photonic bandgap (PBG) device
with a switchable plasma element integrated into the patterned ground plane. A pulsed laser plasma is generated in
one of the PBG cavity structures creating a medium having an effective negative permittivity in the 8–10 GHz
frequency range due to the high plasma density ne 5 1017
cm23. The PBG structure consists of a linear array of
seven cavities along the length of the microstrip manufactured by removing cylindrical portions of copper in the
ground plane. The plasma is produced in the central cavity

1 | INTRODUCTION
Switchable devices for the high bandwidth control of electromagnetic waves is a major challenge for high powered signals. We have shown in earlier studies that plasma
discharges can provide this dynamic control through the integration of active plasma elements in a free space solid state
photonic crystal structure.1 The plasma acts as a tunable
dielectric element within the photonic crystal. We have
extended the use of active plasma elements into the construction of a full plasma-based photonic crystal, using the active
tunability of the plasma to allow for reconfigurability of the
wave propagation characteristics. This article presents the
integration of a plasma element into a planar microstrip
transmission line for the control and manipulation of electromagnetic waves that are confined to a surface of the planar
microstrip.
The electromagnetic fields in microstrip devices have
TEM propagation modes, which are generally confined to
the dielectric regions between the powered microstrip and
ground plane. Photonic bandgap (PBG) structures have been
integrated into microstrip devices by patterning the ground
plane with a 2-D crystal lattice structure.2,3 The structuring
of the ground plane forms PBGs by changing the electromagnetic field that extends into and just beyond the patterned ground plane. The device presented in this article uses
a pulsed laser to generate a plasma element within the PBG
patterned structure, thereby allowing for active switching of
the transmission characteristics. The switching of the device
is based on manipulating the fields that extend through the
ground plane into the air interface within cavities patterned
into the copper ground plane. The plasma is formed within a
single cavity of the PBG structure and acts as an active element that generates a dissipative defect with a material that
has an effective permittivity E < 0 changing the transmission
properties of the PBG device. In this configuration, the
plasma is never in direct contact with the signal line in the
device in turn allowing the device to be actively reconfigured. The plasma is in contact with the composite laminate
on the ground plane side so there is no damage of the signal
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F I G U R E 1 A, Schematic of the microstrip device with PBG structure. B, Photograph of the top and bottom of the microstrip device. SMA
connectors are attached to the top microstrip. [Color figure can be viewed
at wileyonlinelibrary.com]

line and minimal damage to the ground plane when the laser
is properly aligned and configured.
Microwave circuits that are based on microstrip designs
are generally composed of a variety of active and passive
components. A standard microstrip transmission line geometry consists of a signal line on one side of a planar substrate
and a ground plane on the other. Planar passive elements are
components that are made from changing the physical geometry of the microstrip to form various shapes that allow for
the microstrip to act as resistors or capacitors. Active circuit
elements include transistors, amplifiers, and oscillators. Previous microstrip devices that have incorporated plasma discharges for tunability have included direct integration into
the signal line with the plasma acting as a switchable conducting element4 or as a tunable circuit element with a variable capacitance and resistance.5 The microstrip device
presented in this letter uses a plasma element together with a
photonic crystal bandgap structure to control the microstrip
transmission properties.
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rh 5 2.5 mm with a lattice constant a 5 20 mm aligned
with the centerline of the microstrip on the ground plane,
allowing for the device to have a bandgap between 8 and
9 GHz. Other relevant dimensions are shown in Figure 1.
A 190 6 10 mJ pulse from a Q-switched flashlamppumped Nd:YAG laser (SpectraPhysics Quanta Ray PIV400, pulse width 5 8 ns, k 5 1064 nm) was used to generate the plasma in atmospheric air. The laser was focused
1 mm above the surface of the ground plane of the center
cavity in the photonic crystal bandgap structure. A photograph of the experimental set up with the laser plasma
formed in the central cavity is shown in Figures 2 and 3.
The microstrip device was placed on a vertical micrometer
stage to allow for control of the location of the patterned
ground plane relative to the laser generated plasma. A
microwave generator (HP 83732A) was connected to the
input of the microstrip device, with a crystal detector (Krytar 303SK ZBS) connected to the output port. A data acquisition system allowed for the frequency to be swept from 8
to 10 GHz, and the output of the crystal detector was connected to an oscilloscope (Rigol DS1053Z) to record the
transient signal from the detector (from t 5 0 to t 5 500 ns
following the initiation of the laser pulse). The effect of the
temporally evolving plasma density was characterized by
measuring the time-varying transmission of the signal as
recorded by the crystal detector.
Simulations of the device and its performance were conducted using the commercially available finite element
method solver, ANSYS HFSS 16.1. The plasma was simulated as a uniform cylinder of radius rp 5 rh 5 2.5 mm with
a plasma having height hp 5 2 mm. The plasma density, ne
was simulated at 3 3 1017 cm23 and 5 3 1017 cm23 both
with an electron collision frequency of 100 GHz which are
characteristic of atmospheric pressure laser plasmas during
the first microsecond of their decay.6 Simulations were completed using the first order basis function solver, with a

2 | DESIGN OF PBG
MICROSTRIP
A schematic and photograph of the microstrip PBG device
is shown in Figure 1. The device was fabricated from a
Rogers TMM 10i substrate which consists of a copperplated thermoset ceramic/polymer composite (E 5 9.8,
thickness 5 1.27 mm, copper thickness 5 35 lm) using a
CNC PCB mill. The signal line width is 1.5 mm (resulting
in a line impedance of  50 X). The two-dimensional
PBG structure is a linear arrangement of seven cylindricalshaped cavities fabricated by milling away the copper plating on the ground plane. The cavities have a radius

F I G U R E 2 Experimental setup with the pulsed laser focused on the
center PBG hole of the microstrip device. [Color figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 3 Schematic of the experimental and measurement setup
of the 1064 Nd: YAG laser induced plasma and microstrip system. [Color
figure can be viewed at wileyonlinelibrary.com]

convergence criteria for the maximum change in Sparameters between adaptive passes set at 5%.
The electromagnetic properties of the plasma formed in
the cavity of the microstrip were modeled using a frequencydependent dielectric constant expressed by the usual Drude
formula,
Ep ðxÞ512

xp 2
x2 2igx

with g is the electron collision frequency (taken to be a constant) and xp the plasma frequency,
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ne e2
xp 5
me E o
Here, e is the electron charge, me is the electron mass, ne
is the electron density of the plasma, and Eo is the vacuum
permittivity. We see that the dielectric constant of the plasma
can be either negative, zero, or positive (but <1), depending
on the relative magnitudes of the field frequency, plasma frequency, and collision frequency. Using a pulsed laser generated plasma, a plasma density of ne 51017 cm23 ; anticipated
within the first 100 ns, and a collision frequency of
100 GHz results in a negative permittivity regime of the
plasma element since x  g  xp . This causes the plasma
to act as a lossy negative epsilon element within the ground
plane PBG structure.
The interaction between the laser induced plasma and the
surface of the microstrip is complex and will be explored in
detail in future work. The laser-generated plasma expands as
it generates shockwaves that propagate radially from the
location of the initial plasma kernel. The expansion of the
initially very high density plasma creates a temporally decaying plasma density for the duration of the plasma lifetime
and allows for density-dependent temporal characterization
of the response of the device. Laser generated plasmas in air
using similar pulsed energy and duration have been extensively characterized through shadowgraph imaging and have
shown to have a spherical expanding shockwave over a
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lifetime of 1–2 ls with the core dense plasma having a lifetime of up to 500 ns.7 The measured plasma properties for
the laser-induced plasma in this particular experiment will be
discussed in detail in future work. Preliminary results that we
have obtained for experiments with a laser-induced plasma
in argon at comparable pulse energies and gas pressures
show plasma densities and plasma lifetimes on the same
order of magnitude as those presented in the studies of
Thiyagarajan et al.,6 justifying the range of values used in
the present discussion and in the simulations.

3 | SIMULATION AND
EXPERIMENTAL
MEASUREMENT RESULTS
The experimentally measured S21 parameter, as seen from
the transmission spectra depicted in Figure 4, show the
effect that the plasma has on the bandgap behavior, with
increased signal propagation within the bandgap when the
plasma is introduced. At a time of t 5 200 ns after the initial formation of the plasma, transmission within the
bandgap is increased by more than 10 dB when compared
with the baseline value (at t 5 0) obtained in the absence of
the plasma just before the firing of the laser. At a time
t 5 500 ns, the plasma is expected to have decayed substantially, evidenced by the reduction in transmission to a value
within a few dB of that of the baseline case. The change in
structure on the high frequency edge of the bandgap is particularly interesting, as waves propagating in the range of
9–9.5 GHz will see nearly unattenuated transmission (from
as low as a 15 dB level of attenuation) when the plasma is
ignited.
Figure 5 shows results of the simulated S21 parameter of
this microstrip device for a baseline condition (no plasma)
and two plasma conditions, chosen to illustrate the sensitivity
of the mid-gap propagation to electron density. The

F I G U R E 4 Measured S21 for the PBG microstrip at time t 5 0, 200,
and 500 ns referenced to the Q-switch of the laser. [Color figure can be
viewed at wileyonlinelibrary.com]
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F I G U R E 5 Simulated S21 for the PBG microstrip for no plasma and
plasma densities ne 5 3 3 1017cm23 and 5 3 1017cm23. [Color figure can
be viewed at wileyonlinelibrary.com]

simulations reproduce the general qualitative behavior seen
in the experiments. The bandgap transmission is not as broad
(or flat) as that seen in the experiments, but the results confirm that at plasma conditions that are quite realizable, a
10 dB increase in the midgap and in the upper frequency
band edge structure can be obtained by filling the central
cavity with a high density plasma. We see that slight
variations in the plasma density produce only very small
changes in transmission when the plasma density is above
ne 53 3 1017 cm23 . A more quantitative comparison
between the experimental measurements and the simulations
would require a more detailed description of the spatial and
temporal properties of the plasma.
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F I G U R E 7 Cross sectional E field of the lower ground plane of the
microstrip with and without plasma in the center hole. [Color figure can be
viewed at wileyonlinelibrary.com]

Figure 6 shows the centerline cross sectional projections
over a 150 mm (X) by 20 mm (Z) window of a temporal
snapshot of the electric field magnitude above and below the
microstrip and the effect of the plasma on the fields in the
vicinity of the center PBG cavity. Figure 6A is the case without a plasma, for a frequency centered within the bandgap
(8.5 GHz). As expected, we see resonant behavior, with
fields extending into and beyond the PBG cavities below the
device. The expanded region in Figure 6A zooms in on the
region in the vicinity of the central cavity. Figure 6B depicts
the same field mapping but with the plasma filling the central
cavity. Zooming in on the central cavity, we see that the
fields are attenuated (evanescent) where the plasma is
located, due to the complex refractive index associated with
the negative dielectric constant. This results in stronger and
more confined fields on the upper plane of the microstrip
and hence greater transmission. Figure 7 plots the electric
field magnitude verses propagation direction along the bottom surface of the microstrip (at indicated in Figure 6) at the
same instant in time as that in Figure 6. We see that the fields
in the center hole are attenuated and reflected with the
plasma on, leading to higher field intensity on the signal line
and more signal that dissipates out of the ground plane of the
PBG cavities.

4 | CONCLUSION

F I G U R E 6 Steady state E-field cross section of the PBG microstrip
(A) with no plasma in center hole (B) with plasma on in center hole. The
dotted lines indicate the location of the E-field cross section in Figure 7.
[Color figure can be viewed at wileyonlinelibrary.com]

These results demonstrate robust sub-microsecond switching
and manipulation of bandgap transmission of a microstrip
photonic crystal bandgap device. The use of a pulsed laser
source for plasma generation allows for a proof of concept
demonstration and convenient experimental measurement of
the time response of adding an active element that has a
finite decaying lifetime spanning a wide range of electron
density. In future studies we aim to explore how such a
device can be used as a diagnostic tool for characterizing the
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recombination of laser induced plasmas in varying gaseous
environments. The device design is also amenable to direct
integration of pulsed discharge plasmas, which will afford
the possible use of multiple discharges within several of the
PBG cavities. Such distributed manipulation of the cavity
fields can result in reconfigurable transmission modes without direct manipulation of the signal line. We believe that
this manipulation of the radiated fields is a uniquely different
form of field control, utilizing the extended field of the
ground plane PBG structure to control transmission
behavior.
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Abstract
A compact wideband band-pass microstrip filter based on
triangular split ring resonators is presented. The center frequency of the proposed structure is 3.1 GHz and the 3 dB
bandwidth results 1.05 GHz. Good agreements between
the simulated and measured results demonstrates the effectiveness of the proposed design. The size of the filter is
14 3 50 mm2 only.
KEYWORDS
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1 | INTRODUCTION
It is well known that metamaterial structures, characterized
by compact size and light weight, are very attractive for the
implementation of novel microwave circuits. These materials
are often referred to as left handed or double negative materials: a class of materials whose properties are not found in
nature. In 1968, V. G. Veselago theoretically introduced the
possibility of having materials with negative refractive
index.1 Pendry et al.2 presented an artificial material with
negative permittivity in the GHz range obtained by means of
a trellis of thin metallic wires. In Ref. [3] was proposed for
the first time the Split Ring Resonator (SRR) as a basic

