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Abstract—The study of the transmission of electromagnetic
waves through a photonic crystal with various membranes
placed over the surface is presented in this paper. A difference in
performance is observed even for a membrane thickness that is
unable to support guided substrate modes through total internal
reflection. The transmittance has been investigated for two crystal
orientations, assuming normally incident external plane waves on
a finite thickness two-dimensional (2-D) photonic crystals both
with and without a membrane. The angular transmission response
is characterized by scanning the incidence angle of the impinging
plane wave to cover all available angles within the 2-D periodic
plane of the structure.

Index Terms—Antennas, electromagnetic crystals, periodic
structures, photonic bandgap crystals.

I. INTRODUCTION

SINCE their discovery and first demonstration in the late
1980’s, interest in photonic crystals has grown explosively.

Looking at literature, it is clear that the emphasis is placed more
and more on applications and detailed modeling instead of
demonstrating feasibility. One of the applications for photonic
crystals is in the field of (sub)millimeter-wave antennas.

A new generation of scientific space-borne instruments has
been projected, the frequency range of which may even extend
above 3 THz.

As the frequency increases, a planar structure that integrates
the antenna, mixer, local oscillator, and all peripheral circuitry
onto one single substrate becomes an attractive option.

While conceptually simple, in practice, it is challenging to de-
velop and test an integrated planar antenna on a semiconductor
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substrate (high dielectric constant) that has good radiation effi-
ciency and can be easily integrated with the active circuit. One
of the problems that has been encountered is the fact that planar
antennas on dielectric substrates couple power into substrate
modes and, since these do not contribute to the primary radi-
ation pattern, substrate mode coupling is generally considered
as a loss mechanism.

It is exactly to overcome this where a photonic bandgap
(PBG) crystal can find its application. There are several methods
for accurately analyzing the electromagnetic properties of PBG
crystals. Photonic crystals have received considerable attention
during the last decade with the realization that they can control
the electromagnetic radiation by forbidding propagation.
Pioneering work by both Yablonovitch [1] and John [2] in the
late 1980’s demonstrated this property in periodic microwave
structures. These same principles are now being applied even
at optical frequencies. The theoretical models that are most
commonly used range from those that calculate the band struc-
ture and mode patterns within a photonic crystal as obtained
using the plane-wave method [3] and Green’s functions [4],
[5] to derivation of the reflection and transmission coefficients
from the transfer matrix method (TMM) [6], [7]. Excellent
agreement with experiments has been achieved with these
methods, reinforcing the role that theoretical analysis can play
in the design and pre-experimental phases. As most analysis
methods assume infinitely sized crystals, caution must still be
exercised. However, the TMM allows the transmission and
reflection coefficients to be obtained for a finite thickness
photonic crystals.

Photonic crystals often have large air spaces between the peri-
odic elements that cannot provide support for the suspension of
the metallic elements of either a radiating element, connecting
transmission line, or other parts of an antenna system. The fab-
rication of an antenna system, including the mixer, local os-
cillator, and all other peripheral circuitry onto a thin low-loss
dielectric membrane allows continued repositioning of the an-
tenna on a PBG substrate to further investigate the antenna per-
formance as a function of both position and orientation [8],
[9]. As such, the membrane provides a versatile resource in the
system. However, as the operational frequency of the system in-
creases, fabrication issues regarding accuracy and the resolution
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Fig. 1. 2-D crystal orientation, Wherea is the periodic spacing of the bars in thex-direction,h is the mid point–point separation of the bars in thez-direction.
The membranes have been applied only to the first layer of bars in both lattice configurations.

of manufacture, while maintaining rigidity, set a limit regarding
the minimum thickness of the membrane. Thus, although theo-
retically such systems scale perfectly with frequency, it is ben-
eficial to prototype such systems at the highest frequency pos-
sible and limit the scaling factor to orders of a few.

In this paper, the TMM is used to theoretically investigate
the effect of placing membranes on the surface of finite-thick-
ness two-dimensional (2-D) periodic photonic crystals, and ex-
perimental data at millimeter-wave frequencies is presented to
verify the findings.

II. TMM

The TMM as described by Bellet al. [6] and Pendry [7]
for analyzing the reflection and transmission characteristics of
stacks of layers that are 2-D periodic in the plane of the layers
has been implemented. The transfer matrix relates the electric
and magnetic fields between the two interfaces of this stack in
the third finite dimension, which can be used to formulate a scat-
tering matrix. Subsequent cascading of the scattering matrices
for each layer allows the transmission and reflection coefficients
to be calculated. Dissimilar scattering matrices are included into
the transfer matrix routines, as outlined in [6], allowing us to
easily add the membrane onto the surface of the PBG crystal.
The boundary condition that no inward propagating wave exists
in the half-space beyond the stack not illuminated by the illumi-
nating plane wave is applied. This is sufficient to determine the
transmission coefficient of the plane wave, which exits from the
stack propagating parallel to the incident plane-wave direction,
along with the amplitude and phase of all the associated diffrac-
tion orders.

III. L ATTICE DEFINITIONS

The influence of two membrane materials (silicon and
kapton, i.e., and , respectively) is examined
as a function of membrane thickness. The membrane is placed
over the illuminated surface of a 2-D PBG crystal consisting
of dielectric bars of silicon. Fig. 1 shows the 2-D lattice
configurations used, the normal incidence condition defining
the crystal orientation and [10]. A general lattice
with every second row displaced by a fractional part of the
lattice constant can be interleaved [10] to form the layer by
layer or woodpile crystal [11]–[15]. Our structure interleaves
to form the woodpile as suggested by Ozbayet al. in [12],

which possess a full three-dimensional (3-D) PBG. The 2-D
PBG crystals studied in this paper have m and

m, the silicon bars have dimensions 340390 m
in the - and -directions, respectively. Finally, the definition
of TE (TM) polarized waves is noted as those which have their

-field ( -field) confined to the -plane, that is to say, the
-field ( -field) parallel to the -axis (see Fig. 1).

IV. M EMBRANES IN ISOLATION

The application of a membrane on the top surface of a
PBG crystal may lead, through external excitation, to substrate
modes within the membrane. The cutoff frequencies for sub-
strate modes within a membrane, without considering the PBG
crystal, are well known and are described by the following [16]:

(1)

where is the cutoff frequency of the mode,is the speed of
light in vacuum, is the order of the mode,is the thickness of
the membrane, andis the dielectric constant of the waveguide
constituent material.

Given the intended operation frequency of the system, pre-
cautions can be taken to ensure that the membrane will not sup-
port any totally internally reflected (TIR) waves giving rise to
guided modes within the membrane.

While there is no real angle that will allow a substrate or
guided mode to be excited within an isolated membrane from an
air medium, when the membrane is placed upon a PBG crystal,
it may form a grating coupler. Grating couplers can be thought
of as effective waveguides with an effective dielectric constant
and thickness. The dielectric constant lies between the values
of embedding medium and the larger dielectric constant of its
constituent materials, i.e., air, dielectric bars, and membrane.
Guided waves can be excited as the wave vector within the ef-
fective guide is larger than for air allowing the first-order diffrac-
tion orders (excited in the transverse direction to the normally
incident plane wave, the -direction in Fig. 1) to exist before
the onset of conventional diffraction. As the PBG region for
the crystals is in the range of 90–100 GHz, a silicon membrane
thickness in excess of some 458m would be required to sup-
port the guided mode at 100 GHz. A grating coupler con-
sisting of a single layer of bars with dimension of 390m and a
membrane with thickness of 100m, totaling 490 m, will re-
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Fig. 2. Gamma-X lattice: measured and theoretical TM response. Top, middle, and bottom plots correspond to the TM transmission response for a crystal
thickness’L = 2h, 4h, and8h thick. Plots on the left, dashed–dotted, dotted, and solid lines correspond to the no-membrane case, 25-�m kapton membrane
and 100-�m silicon membrane, respectively. Plots on the right, dashed–dotted, dotted, and solid correspond to the theoretical response for the no-membrane case,
25-�m kapton membrane, and 100-�m silicon membrane, respectively.

sult in an “effective waveguide.” As the effective dielectric con-
stant will be less than that of silicon and the effective width of
the guide will be less than 490m, the initial layer of bars and
membrane will, therefore, not support a parasitic guided mode
at 100 GHz.

V. MEMBRANES ON A PHOTONIC CRYSTAL—NORMAL

INCIDENCE

Theoretical and experimental analysis of the 2-D crystals
with and without membranes has been carried out from 67

to 110 GHz, defined by the range of operation of the vector
network analyzer (VNA) used in the experiments. A 100-m
silicon membrane and 25-m kapton sheet were independently
analyzed on the surface of both the - and -oriented 2-D
lattices for varying thickness of the underlying PBG crystal.
Full two-port -parameters of the structures were measured
in the 67–110-GHz frequency range using an Anritsu 360B
VNA. The VNA has short WR-10 waveguide sections at the
test ports to which standard gain horns were connected. The
horn separation was around 80 mm, with the membrane/PBG
structure between.
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Fig. 3. Gamma-M lattice: measured and theoretical TM response. Top, middle, and bottom plots correspond to the TM transmission response for a crystal
thickness’L = 2h, 4h, and8h thick. Plots on the left, dashed–doted, dotted, and solid correspond to the no-membrane case, 25-�m kapton membrane, and
100-�m silicon membrane, respectively. Plots on the right, dashed–dotted, dotted, and solid correspond to the theoretical response for the no-membrane case,
25-�m kapton membrane, and 100-�m silicon membrane, respectively.

The measurement system was calibrated using the line–re-
flect–line (LRL) method using a Flann Microwave bronze
WR-10 waveguide calibration kit, which comprises a
quarter-wavelength offset, fixed termination, flush short
circuit, and through waveguide section. After calibration, the
measurement reference planes are situated at the flanges of
the short sections of waveguide at the test ports of the VNA
to which the standard gain horns were subsequently attached.
Thus, 0-dB transmission loss refers to the situation when the
short lengths of waveguide at the VNA test ports are joined.
A small additional loss and uncertainty will be introduced by

attaching the horns after calibration, but this will be relatively
small compared with the internal VNA system losses whose
influence is removed by this calibration procedure.

Fig. 2 shows good agreement between the theoretical predic-
tions and measurements made on the-oriented lattice. As
the crystal thickness is increased, we see a steady increase in
the attenuation of the transmitted normally incident plane wave
through the structure. For increasing crystal thickness, we ob-
serve the gradual formation of the lower band edge, expected at
84 GHz and measured at 82.5 GHz for a crystal , i.e.,
eight periods thick. Measurements were limited by the35-dB
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Fig. 4. Perfect crystal angular transmission response. The response is shown for a crystal four periods thick in thez-direction. The crystal is made from silicon
bars, 340� 390�m, with a period of 1275� 780�m in thex- andz-directions, respectively. The upper and lower band edge envelopes have been highlighted
with “+” and “�” symbols to guide the eye. The information displayed in the two plots is the same, but shown from a different perspective.

noise floor of the measurement setup. The influence of the mem-
brane is more prominent for the thinner PBG crystals with the
100- m silicon membrane than for the thicker crystals. Trans-

mission through the crystal is decreased with a 100-m
silicon membrane in the 65–85-GHz region before increasing
the transmission response over the 85–110-GHz region. The
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Fig. 5. 100-�m silicon membrane response on the otherwise perfect crystal. The response is shown for a crystal four periods thick in thez-direction. The crystal
is made from silicon bars, 340� 390�m, with a period of 1275� 780�m in thex- andz-directions, respectively. The upper and lower band edge envelopes have
been highlighted with “+” and “�” symbols to guide the eye. The information displayed in the two plots is the same, but shown from a different perspective.

kapton membrane has little effect on the response for all crystal
thicknesses. The 100-m silicon membrane slightly down shifts
the lower band edge for all crystal thickness for the-oriented

lattice, out with the measurable range for the lattice,
from 78 to 76 GHz for the lattice and from 82.5 to
81.5 GHz for the lattice. These values are in excellent
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Fig. 6. Difference in the TM transmission. The difference in response is shown between the no-membrane case and 100-�m silicon case for a crystal four periods
thick in thez-direction. The crystal is made from silicon bars, 340� 390�m, with a period of 1275� 780�m in thex- andz-directions, respectively.

agreement with the theoretical predictions. As the underlying
PBG substrate thickens, the perturbing influence of the mem-
brane weakens, demonstrating that, as the crystal thickens, the
PBG behavior is more dominant.

Similar trends are observed with the lattice, as shown
in Fig. 3. The 25- m kapton membrane has little effect on the
transmission measurements relative to the PBG crystal without
a membrane present. The 100-m silicon membrane again shifts
the lower band edge frequency, but shows convergent behavior
with the nonmembrane case as the crystal thickens, as was ob-
served for the -oriented crystal. From the theoretical calcu-
lations, the attenuation for the lattice per layer thickness
is nearly twice as large as that of the -oriented crystal, al-
though the experimental noise floor of the system prevented ex-
perimental verification for the thicker crystals. Membranes have
the interesting effect of enhancing the lower band edge gradient
of cutoff, an effect most noticeable for both the kapton and sil-
icon membranes for the -oriented crystal. This is
echoed in the measurements, which show the kapton and silicon
response curves attaining transmission levels in the noise floor
before the crystal with no membrane.

VI. M EMBRANES ON A PHOTONIC CRYSTAL—ANGULAR

RESPONSE

The angular transmission response is characterized by scan-
ning the incidence angle of the impinging plane wave to cover
all available angles within the 2-D periodic plane of the struc-
ture. From Fig. 4, it can be seen that the normal incidence con-
dition, angle 0 sets the upper frequency limit of the lower
band edge, while the lower frequency edge of the upper band

is found close to oblique incidence. The total bandgap lies be-
tween 84–108 GHz. Fig. 5 shows the angular response of four
periods of the crystal with a 100-m silicon membrane placed
over the front surface. It is obvious that this markedly alters the
response of the structure.

Comparing Figs. 4 with 5, there are evident differences.
For angles close to normal incidence, the upper band edge
has dropped from 130 to 120 GHz. There is also considerable
alteration in the higher frequency region with the effect that the
upper band envelope has been smoothed when compared to the
perfect crystal case. It is noteworthy that the lowest frequency
limit of the upper band edge is located at a slightly higher
frequency, i.e., 110 GHz, when compared to the perfect crystal
response of 108 GHz.

However, the upper frequency limit of the lower band edge,
still defined by the normal incidence condition at 0, is now
less well defined and has marginally moved downwards in fre-
quency.

Fig. 6 shows the difference in the TM polarization transmitted
level between the perfect crystal lattice and the same lattice with
the 100- m silicon membrane included. The plot has been lim-
ited only to show a 10-dB deviation, areas, which have a devia-
tion larger than 10 dB, shown in white. Limiting the discussion
to the complete TM bandgap region, between 85–110 GHz, the
main concern is the possible existence of surface waves that may
exist within the membrane in conjunction with the top layer(s)
of bars. Such waves are noted by a characteristic extreme drop
in transmission or peak in reflection. These effects are not seen
for the range of frequencies studied for the silicon membrane
and underlying bars implemented.
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For the other regions with large deviations in transmission
within the bandgap, (the regions at 80.5 and 82.5 GHz are within
the lower band edge), the deviation assists the bandgap behavior
as it reduces the transmitted level through the crystal. There is
a small region that increases the transmitted level through the
crystal at 87.5 GHz, but when the same region is examined in
Fig. 5, the total transmitted level is not above25 dB.

VII. CONCLUSION

We have shown that the application of a membrane onto the
surface of a 2-D photonic crystal, while interacting with the un-
derlying crystal, does not seriously perturb the transmission re-
sponse of a thick PBG substrate, displaying that the PBG be-
havior is more dominant. For the regions that we have studied,
the application of a membrane actually has helped to steepen
the gradient of the lower band edge cutoff frequency aiding the
PBG performance of the crystal. However, the upper frequency
limit of the experimental setup did not allow measurement of the
effect of the membrane on the upper band edge of the crystal.
The membranes studied, i.e., 100-m silicon and 25-m kapton,
are unable to support TIR guided modes at the frequency of the
PBG. Theoretical and experimental work has demonstrated that
these membranes are good candidates as substrates onto which
an antenna system can be fabricated before integration onto the
surface of a photonic crystal. This will allow further investi-
gation into the optimal orientation, radiation pattern, and effi-
ciency of integrated antenna systems in the millimeter, submil-
limeter, and near infrared wavelength ranges.
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