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A graded index photonic crystal �GRIN PC� configuration was placed at the input side of a photonic
crystal waveguide �PCW� in order to efficiently couple the light waves into the waveguide. We
compared the transmission efficiencies of light in the absence and presence of the GRIN PC
structure. We report a significant improvement in coupling when the GRIN PC is incorporated with
the PCW. The intensity profiles were obtained by carrying out the experiments at microwave
frequencies. Finite difference time domain based simulations were found to be in good agreement
with our experimental results. © 2009 American Institute of Physics. �DOI: 10.1063/1.3130403�

I. INTRODUCTION

The developments of science in recent years have al-
lowed photonic crystals �PCs� to take their place among vari-
ous applicable research areas rather than just being men-
tioned as an obscure physics topic.1,2 The periodic
arrangements of the PC structure offer superior performance
over their conventional dielectric counterparts in optics. As a
consequence, PC based devices have come to be fully appre-
ciated due to their key features in controlling the flow of
electromagnetic �EM� waves. A photonic crystal waveguide
�PCW� is an excellent example that has long been both theo-
retically and experimentally investigated.3–5 PCWs are cre-
ated by introducing line defects. These line defects guide the
light with considerably reduced losses over sharp bends by
strongly confining the propagating modes with the help of
the Bragg reflection mechanisms. Thus, their wide usage in
the field brought up the challenge of efficiently coupling
light into PCWs. The mismatch between the modes of the
external lightwave circuits and the PCW was accepted as the
main reason for the poor coupling figures. Hence, several
ways of tackling this problem were proposed. Adiabatically
tapered fibers and dielectric waveguides were suggested as a
solution to this obstacle.6,7 The employment of gratings8 and
J-couplers, founded on the principles of parabolic mirrors,
were adapted to overcome the difficulties.9,10 Yet, the main
attraction was directed toward the utilization of the tapered
PCWs that facilitate adiabatic mode conversion.11–20 The
supporting theoretical studies show promise for considerably
high coupling efficiencies when we make use of these ta-
pered PCWs.21,22 Nonetheless, tapered PCWs have simulta-
neously led to serious drawbacks. Many of the approaches
have depended on the complicated manufacturing steps. The
slow reshaping process of the incident beam has required
relatively long periods of the PCW to be sacrificed at both
ends.

Efforts have been initiated to search for alternative meth-

ods that can compete and even replace the existing schemes.
In that respect, the self collimation abilities of the PCs has
received much attention.23–26 The graded index �GRIN� ver-
sion of the PC is a distinguished candidate in the literature
for realizing the self-focusing phenomena. A theoretical
work was devoted to understand the critical design stages of
the GRIN PCs.27 Following that article, the GRIN PCs were
integrated with PCWs to yield high coupling factors.28 A
GRIN PC that was composed of air holes was discussed in
Ref. 28, in which the index variation was achieved by prop-
erly adjusting the radius of the holes. Numerical analysis was
carried out in order to emphasize the enhanced coupling fig-
ures. However, an experimental demonstration was not put
forward. Therefore, the main objective of this study has been
to experimentally verify the improved coupling that was at-
tained with the assistance of the GRIN PC in the microwave
regime. In the remaining part of the present paper, the ex-
perimental and simulation results are provided. Even though
the finalized design of the GRIN structure and its theoretical
examinations were the main scope of a recently published
work,29 a quick overview of the functionalized GRIN PC and
the PCW is presented first. The experiments were accompa-
nied by the numerical outcomes. Finally, the concluding re-
marks are laid out together with the performance issues con-
cerning the coupling efficiency.

II. PCW

The scalability of the Maxwell’s equations enables us to
make analogies between the optical and microwave domains.
An accurately scaled PCW, operating at the microwave fre-
quencies, is a 2D representation of its optical equivalent.
Figure 1�a� depicts the top view of the PCW that comprises
sufficiently long �much longer than the operational wave-
length� alumina rods with a dielectric constant of �=9.61.
The PCW is on the x-z plane and has a lattice constant of
a=7 mm. The square lattice PCW stretches out 11 and 29
periods along the x and z directions, respectively. A row of
rods starting from the 15th rod on the z-axis was removed to
create the line defect. Figure 1�b� illustrates the dispersion
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graph of the PCW for the TM polarization �Ey parallel to the
rods� in the �-X direction. The defect band is highlighted
with a red line while the rest of the blue bands all stay out-
side the band gap. The defect band supports a wide range of
modes, including 18 GHz, which is designated as our work-
ing frequency and is restricted by the GRIN PC. The restric-
tion is that the PCW must sustain the propagating mode
while the GRIN PC allows high transmission. Simulations
have been performed using a commercial finite difference

time domain �FDTD� tool called RSOFT. Figure 1�c� shows
the intensity distribution of the electric field. A single fre-
quency �18 GHz�, wide Gaussian beam with a full width at
half maximum �FWHM� of 3� �� being the operational
wavelength� was launched from a distance toward the PCW.
Only a small portion of the input beam was observed to be
coupled to the waveguide due to the mode mismatches. This
is analogous to what is happening at the optical frequencies
as in the case of the butt coupling of different waveguide
widths. A dielectric waveguide mode often also suffers from
high coupling losses at the PCW interfaces. Moreover, as it
can also be pointed out in Fig. 1�c�, a portion of the incident
beam was not localized within the line defect, since 18 GHz
is close to the air band �Fig. 1�b��. Thus, the portion of the
incident light hitting the PCW side walls in turn leaks out
through the structure. Consequently, the wave cannot be said
to be confined to the waveguide, but rather tends to spread
out. The adjacent figure corresponds to the intensity profile at
the exit side of the PCW. The slice was taken at a distance of
5 mm �all of the distances are in millimeters�. The combina-
tion of the diffraction mechanisms and the weak confinement
of the wave hinder the overall performance and hence do not
permit the high transmission. The next step was the realiza-
tion of the experimental setup. A conventional horn antenna
with the same FWHM value was utilized to send the incident
beam to the PCW from 70 mm away. A monopole antenna
was used to collect the beams at the output side while the
network analyzer kept record of the measured intensities.
The shortcomings of our experimental setup compelled us to
scan only the output section of the PCW. Figure 1�d� is the
measured intensity distribution at the exit side of the PCW.
The intensity profile suggests that the diffraction mecha-
nisms and the coupling losses have once again governed the
transmission experiment, which is consistent with the nu-
merical scenario.

III. GRIN PC

The GRIN PC structure is designed by properly arrang-
ing the shifts in the longitudinal direction while keeping the
lattice spacing constant along the x-axis. It is portrayed in
Fig. 2�a�. The variation is sustained such that the density of
the rods is denser at the center of the GRIN PC. The EM
wave prefers to travel at higher refractive index regions and
as a result, a self-focusing phenomenon is conveniently ob-
served. The GRIN PC has translational symmetry over the
x-axis. The symmetry axis divides the GRIN PC in such a
way that it has 14 rods in both of the divided segments. The
separation between two rods is determined by two variables,
the constant factor of b0=0.5a and �b=0.15a, which is al-
tered at every two lattices. A seven layered GRIN PC is
considered for our particular case, but it was already shown
that even a four layered GRIN PC would be enough to ex-
hibit comparable self-focusing effects.29 First, the simula-
tions were run to acquire the intensity distributions of the
electric field when the GRIN PC was excited with a wide
Gaussian beam. The numerical results predict that the shape
of the wavefronts of the incoming wave is modified once the
beam enters the GRIN PC. The accompanying intensity pro-

FIG. 1. �Color online� �a� Top view of the PCW structure. Alumina rods
with �=9.61, standing in the air �n=1�, lattice constant a=7 mm. �b� Dis-
persion diagram of the PCW structure along the �-X direction for TM po-
larization. The defect band is illustrated with the red line. �c� Simulation and
�d� experimental results of the intensity distributions of the electric field �Ey�
at 18 GHz. A slice of the intensity distribution at the output side is also
given at the right hand side of the main figure.
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file in Fig. 2�b� displays that a narrowed beam was generated
as the product. A similar experimental setup was used to scan
the output side of the GRIN PC. The experimental results
reveal a very good agreement with the numerical conclu-
sions. The measurements are shown in Fig. 2�c�, and they
imply that the GRIN PC acts like a lens with a certain focal

length. The focal point is approximately found to be 4 mm
away from the surface of the GRIN PC.

IV. GRIN PC+PCW

In the next stage, the GRIN PC is cooperated along with
the PCW to increase the coupling efficiency. The wide beam
was to be squeezed down prior to being fed to the PCW by
taking advantage of the focusing effect of the GRIN PC. It
was experimentally checked to ensure that the optimum lat-
eral spacing d between the two configurations was 4 mm.
Then, the PCW was positioned around the focal point of the

FIG. 3. �Color online� �a� Top view of the overall structure d=4 mm. �b�
Simulation and �c� experimental results of the intensity distributions of the
electric field �Ey� at 18 GHz. A slice of the intensity distribution at the
output side is also given at the right hand side of the main figure.

FIG. 2. �Color online� �a� Top view of the GRIN PC structure, composed of
alumina rods, b0=0.5a and �b=0.15a. �b� Simulation and, �c� experimental
results of the intensity distributions of the electric field �Ey� at 18 GHz. A
slice of the intensity distribution at the output side is also given at the right
hand side of the main figure.
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GRIN PC to give rise to the highest transmission figures, as
shown in Fig. 3�a�. The FDTD results of Fig. 3�b� assure
enhanced transmission figures and immensely reduced cou-
pling losses. Regardless of the weak confinement of the
PCW at 18 GHz, the spatially narrowed EM wave, due to the
GRIN PC, propagates without significant broadening and
reaches the exit side while keeping its form. The numerical
results were once again confirmed by the experimental mea-
surements. When the fields were probed at the exit interface
of the PCW, it was observed that the profiles resembling the
numerical outcomes were obtained experimentally, as in Fig.
3�c�. It can be identified that this narrow mode does not have
the capability to cover long distances after having departed
the PCW. The diffractions are likely to destroy the shape of
the outgoing wave. An output coupler might be needed to
extract the waves from the PCW, but for our own purposes,
we are contented with the validation of the improved cou-
pling at the input side for the time being.

When the intensity profiles were collected only at the
exit surface of the PCW, we witnessed the situations that are
given in Fig. 4. Figure 4�a� was drawn up solely based on the
FDTD calculations, whereas Fig. 4�b� shows the experimen-
tal results. Both of the figures impressively demonstrate the
effectiveness of using the GRIN PC as the input coupler. A
wide incident beam with a FWHM of 3� underwent a mode
conversion ratio of 7.5 and arrived at the other side with a
FWHM of 0.4�. Similarly, the measurements offered a mode
conversion ratio of 7.7. Given that the FWHM values are
comparably smaller than the total window size of 10�, inte-
grals of the intensity profiles at the exit side should provide
an estimation of the coupling efficiency for the GRIN PC.
The Simpson’s numerical integration technique was adapted
for a range of −5��z�5�. Table I summarizes the coupling

efficiencies of the simulations and experiments. The inclu-
sion of the GRIN PC leads to 6.35 and 5 dB improvements in
coupling mechanism numerically and experimentally, respec-
tively.

V. CONCLUSION

In summary, the presented study is a proof of the utili-
zation of the GRIN PC as an efficient input coupler for the
PCW. As a result, the GRIN PC has been experimentally
shown to yield a coupling efficiency of 5 dB over the single
PCW at 18 GHz. The successful experimental outcomes
were backed up with detailed numerical analysis. Through-
out the paper, we attempted to make analogies between the
microwave and optical domains as much as possible in order
to address the complementary problem at the optical fre-
quencies. PC manufacturing techniques have been well
founded in recent years. We believe that it is manageable to
bring both the GRIN PC and the PCW to the optical domain.
A horn antenna can be thought of as a representative of the
dielectric waveguides. Our proposed method can then be ap-
plied to attack the input coupling losses between PC struc-
tures and other lightwave circuits.
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