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Abstract: A two-dimensional photonic crystal asymmetric Mach-Zehnder
filter (AMZF) based on the self-collimation effect is studied by numerical
simulations and experimental measurements in microwave region. A self-
collimated beam is effectively controlled by employing line-defect beam
splitters and mirrors. The measured transmission spectra at the two output
ports of the AMZF sinusoidally oscillate with the phase difference of x in
the self-collimation frequency range. Position of the transmission peaks and
dips can be controlled by varying the size of the defect rod of perfect
mirrors, and therefore this AMZF can be used as a tunable power filter.
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1. Introduction

Photonic crystals (PCs) are multidimensional periodic structures with periods of the order of
electromagnetic wavelengths that can be designed by the photonic band theory [1]. The most
important property of PCs is the existence of photonic bandgaps (PBGs) in which light
propagation is completely prohibited in any direction [2]. Since PBGs of a PC provide a
powerful way to control wave propagation, PCs have several potential applications to
photonic integrated circuits (PICs) [3,4]. In particular, light can be controlled to propagate
without diffraction along the incident direction of the source beam, which is called the self-
collimation phenomenon of light in PCs [5,6]. It is known that the self-collimated beams can
be bent at the crystal-air interface, and split into two beams by introducing defects in the PC
[7-12]. Moreover, self-collimated beams can be crossed without cross talk, hence optical
devices based on the self-collimating property of light beams in PCs have potential for high
density PICs.

Recently, Zhao et al proposed a PC Mach-Zehnder interferometer (MZI) by utilizing the
self-collimated beams [3]. Despite the promising applications, there have been no studies on
the wavelength filters for self-collimated beams. Since the self-collimation phenomenon
occurs due to the dispersion properties of propagating modes in PCs, not due to the existence
of PBGs, it is very difficult to couple the self-collimated beams with the defect modes, and the
reflection at the ends of finite PC structures causes crucial performance problems of devices.
For these reasons, it is hard to design the wavelength filters of high performance for self-
collimated beams. Very recently, it is demonstrated that the unnecessary reflections at the
interfaces between a PC and homogeneous background material are effectively minimized by
adding antireflection structures (ARS) which can be optimized by varying the radii of rods
(holes) of the ARS and the distance between the ARS and the PC truncation [13,14]. Using
this method, it is possible to improve the performance of optical devices which make use of
self-collimation of light in a PC.

In this paper, we propose a design of a 2D PC asymmetric Mach-Zehnder filter (PC-
AMZF) based on the self-collimation effect in a 2D PC and experimentally demonstrate its
transmission characteristics in microwave region. This PC-AMZF utilizes the property of self-
collimated beams that can be effectively steered by employing line-defect beam splitters and
mirrors. Unwanted reflections at the interfaces between a uniform dielectric and the 2D PC is
suppressed by introducing the ARS at the input and output interfaces of the PC. Also it is
demonstrated that the geometric modification of the perfect mirrors based on the Goos-
Hinchen (GH) shift [15] makes the control of the peak frequencies possible. The GH shift
was shown experimentally utilizing the self-collimated beam reflected from the surface of a
2D PC and a method for controlling the beam reflection was proposed by modifying the size
of surface rods [16,17]. The measured transmission spectra are compared with the numerical
ones obtained by the finite-difference time-domain (FDTD) simulations [18].
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Input port

Fig. 1. Asymmetric Mach-Zehnder interferometer composed of two 50:50 beam splitters and
two mirrors. Arrows indicate the direction of light propagation.

2. Design and operation principle

The basic AMZF composed of two 50:50 beam splitters and two totally reflecting mirrors is
shown in Fig. 1. When a light beam of intensity /, is launched into the input port of AMZF,
the two beam splitters result in four self-collimated beams, each with intensity /,/4 at the
output side beam splitter BS,. At each of the two output ports, two self-collimated beams with
the intensity /,/4 each are added and interfere, and the resulting output intensities are given by

I=1, sinz(é) D
2
at port land
I,=1I, cosz(g) 2)

at port 2, respectively. Here  is the phase difference between the two beams with the intensity
1y/4 each which interfere at each output port, and we use the fact that the phase difference ¢
between the two split beams at each beam splitter, BS; or BS, is #/2 in the PC [3].

3. Experimental setup

The experimental layout, depicted in Fig. 2(a), consists of a network analyzer (Agilent
HP8720B) and two microwave horn antennas (ETS Lindgren 3160-08). The source and
receiver horn antennas are set to pass TM (the electric field parallel to the axes of alumina
rods) polarized microwaves. The resulting frequency-dependent data were normalized with
the transmittance measured without the PC sample to remove any loss or other problems
caused by cables or connecting parts of the setup. The 2D PC sample composed of alumina is
constructed by boring holes through two aluminum plates which are separated by spacers.
These two parallel aluminum plates can ensure TM polarized microwaves [19]. The 2D PC-
AMZF shown in Fig. 2(b) is composed of 29./24x29+24 square array of cylindrical rods in air
with two 50:50 beam splitters and two perfect mirrors. A first band gap of this structure
ranges from 14.39 to 19.92 GHz. The cylindrical rods of the radius r = 2 mm, length / = 100
mm, and the lattice constant a = 5 mm, are made of alumina with the dielectric constant of ¢
~9.7. The line-defect beam splitters BS; and BS, are composed of 17 rods arrayed in the I'X
direction with the radius r, different from those of host rods. The perfect mirrors M; and M,
are made by removing two rows of 17 rods along the I'X direction. The components BS, and
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M, are oriented along the opposite I'X direction with the components BS; and M;. ARS with
the radius of rods Ryzs = 1.15 mm is introduced at the input and output interfaces of the PC-
AMZF to minimize the coupling loss. The distance d4zs between the ARS and the PC-AMZF
truncation is 3.60 mm [13,14]. From our previous work we found that this PC structure has a
self-collimation region for electromagnetic waves of frequencies around 12.5 GHz along the
I'M direction [14]. In order to make the 50:50 beam splitter, we obtained the transmitted and
bent powers using the FDTD simulations varying the radius of one-row line defect, r; from
05 to 25 mm as shown in Fig. 2(c). The result obtained is shown in
Fig. 2(d) and one can observe that when r; = 1.5 mm, the bent and transmitted powers become
equal.
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Fig. 2. (a) Schematic diagram of the experimental apparatus of a PC asymmetric Mach-
Zehnder filter (AMZF). Two aluminum plates hold alumina rods vertically. (b) Layout of the
square lattice 2D PC-AMZF composed of two 50:50 line-defect beam splitters and two perfect
mirrors. The ARS are introduced at the input and two output ports. (c) Simulated spatial
distribution of the steady-state electric field at the frequency f = 12.5 GHz in the line-defect
beam splitter with the radii r, aligned in the I'X direction. The inset shows the top view of the
beam splitter structure. (d) Power spectra for the split beams by a line-defect beam splitter as a
function of the radius of defect rods r,.

4. Result and discussion

To check the performance of the ARS, we measured the transmission spectra of the PC
sample with and without the ARS and the results are displayed in Fig. 3. The measured
spectra are compared with the numerically obtained ones and a good agreement exists
between the two. When the ARS is not introduced, as depicted in Fig. 3(a), the transmitted
light powers at port 1 and port 2 through the PC exhibit the transmission minima at the
frequencies 12.44 and 12.67 GHz, respectively. Because of unwanted reflections at the
interfaces between the 2D PC and the outside medium it is not possible to use this structure as
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a filter in this frequency region. However, in Fig. 3(b), one can observe transmission peaks at
the frequencies f; = 12.67 GHz for port 1 and at f, = 12.44 GHz for port 2, respectively in the
frequency range from 12.3 to 12.8 GHz. This figure shows that the transmitted intensities at
the two output ports oscillate sinusoidally with a phase difference of 7. Besides the sinusoidal
oscillations of the two output intensities, the performance of the PC-AMZF is significantly
improved by the introduction of the ARS into the PC. With the ARS attached, almost 92% of
the incident power is transmitted through the AMZF at the frequencies f; and f,, and this value
is more than 30% improved result compared with the case of the ARS not applied to the
AMZF. The steady-state electric field distributions of the self-collimated beams which are
obtained by the FDTD simulations are shown in Fig. 3(c) for the light of frequency f; and in
Fig. 3(d) for f5, respectively. It clearly displays that if the two light beams of frequencies f;
and f> are synchronously inserted into the input port, the proposed PC-AMZF can separate
them into two groups such that the light beam of frequency f; is emitted through port 1 and
that of the frequency f> through port 2.

(a) (b)
----- Cal. Port_1 ----- Cal. Port_1
tep arri2| V0 Cal. Port 2
” Exp. Port_| —Exp. Port |
o 1.0 Exp. Port_2 1.0F —== Exp. Port 2
z = T
)
2081 I 08
) |
7] 0
N
=06 06
E ;
7z 04 04k
02 0.2
00 1 1 1 1 0‘0 C 1 1 1 - 1
123 124 12.5 12.6 12.7 128 123 124 125 12.6 12.r 12.8
Frequency (GHz) Frequency (GHz)
(c) (d)

Port 2

*
Min 0 Max

Fig. 3. Transmittance of microwaves (a) without any ARS and (b) with the ARS applied to the
proposed 2D AMZF. Two solid lines represent the experimentally measured values at the two
output ports, port 1 (black line) and port 2 (red line), respectively, while the dashed lines
correspond to the simulation results. Simulated spatial distributions of the steady-state electric
fields of the self-collimated beams at frequencies (c) f; = 12.67 GHz and (d) f> = 12.44 GHz.

Furthermore, we investigated the effect of geometric modification of the perfect mirrors.
As illustrated in Fig. 4(a), two rows of 17 rods are removed along the I'X direction out of the
PC matrix and additionally, the radius of one row of rods on the front side surface, r,, is varied
from 1.75 mm to 1.95 mm. When a self-collimated beam is reflected by this modified mirror,
it is predicted that the phase shift is altered compared with that produced by the unmodified
mirror. In the previous work, it is shown that varying the radius of the surface rods changes
the effective index of the surface layer of the mirror which is caused by the change in the
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filling fraction of the dielectric material [17]. Manipulation of the surface geometry or the
refractive index of perfect mirror can change the duration of the confinement of power on the
surface and therefore the GH shift can be modified. The measured and simulated transmission
spectra for the modified mirrors are plotted in Figs. 4(b), 4(c) and 4(d) for different values of
ry. It is observed that as the value of r,, decreases, the peak frequencies shift to higher values.
These results prove that it is possible to control the peak frequencies of light beams emitting
out of the two output ports by adjusting the value of r,,.
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Fig. 4. Transmittance of microwaves (a) without any ARS and (b) with the ARS applied to the
proposed 2D AMZF. Two solid lines represent the experimentally measured values at the two
output ports, port 1 (black line) and port 2 (red line), respectively, while the dashed lines
correspond to the simulation results. Simulated spatial distributions of the steady-state electric
fields of the self-collimated beams at frequencies (c) f; = 12.67 GHz and (d) f> = 12.44 GHz.

5. Conclusion

In conclusion, we propose a design of a 2D PC-AMZF based on the self-collimation effect
and experimentally show its transmission properties in microwave region. The ARS with the
optimized parameters can effectively eliminate unnecessary reflections at the 2D PC-AMZF
and thus the performance of a PC-AMZF can be significantly improved. It is shown that the
measured transmission spectra at the two output ports sinusoidally oscillate with the phase
difference of z, and therefore the proposed AMZF can effectively separate incoming self-
collimated beams into two different output ports. Also demonstrated is that tuning of the peak
frequencies can be achieved by modifying the geometry of the perfect mirrors. We expect that
the proposed PC-AMZF can also be applied in the optical wavelengths region as well.
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