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We theoretically investigate the waveguide power splitters with parallel output ports by the
time domain coupled-mode theory. Different from the idea of structure with perfect T-type
branch and two perfect bends, conditions for perfect transmission and zero reflection are
obtained. Using the theoretical analysis, the waveguide power splitters in two-dimensional
square lattice photonic crystals are modeled and optimized. Their transmission properties are
simulated by using the finite-difference time-domain method, and an excellent agreement has

been found with the present analysis.
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1. Introduction

Optical devices based on photonic crystals such as linear waveguide, waveguide bends[1] and
waveguide intersections[2], have gained worldwide interest in the past few years due to the
advantage of substantial size reduction for the high-density optical integrated circuits. Among
the most basic optical devices, waveguide power splitters are key components for the
fabrications of Mach-Zehnder interferometers or optical switches, where the two output
waveguides are parallel to each other. Many of the power splitters proposed [3-5] are not with
the parallel output waveguides and waveguide bends are needed at output ports. While power
splitters with the parallel output waveguides based on multimode coupling lead to
mode-mixing problems at intersections which results in reflections [6,7]. In this letter, we
theoretically investigate the waveguide power splitters with parallel output waveguides by
coupled-mode theory and analyze the transmission characteristics of the splitters in
two-dimensional square lattice photonic crystals by the finite-difference time-domain method.
Different from the idea of splitters with perfect T-type branch and two perfect sharp bends, the
conditions for perfect transmission and zero reflection are given.

2. Theoretical analysis

Fig. 1 shows the structure of the splitter, which is symmetric with respect to the input
waveguide. The connecting waveguide is perpendicular to the input waveguide and the two
output waveguides. The junction and the two bends are considered as resonant cavities. The
amplitudes of the cavity A and A, are denoted by a, anda, respectively and are
normalized to the energy in the modes [8,9]. The amplitudes of the incoming and outgoing

waves into the cavity A, are denoted by S and S_;(i,j=1,2) (as shown in Fig. 1) and

are also normalized to the power carried by the waveguide mode. The transmission and

reflection properties of such a system can be calculated by the coupled-mode theory in time



[8,9]. When the electromagnetic wave at a frequency  is incident upon the system from the

input port, i.e., S, =0, the time evolution of the amplitudes of the cavity A andA4, in

steady state can be described as
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where @ and o, are the resonant frequencies of cavity A and A, respectively,
1/7,, and1/z,, are the decay rates of cavity mode amplitude «, into the input waveguide and
into the connecting waveguide, and1/z,, and1/z,, are the decay rates of cavity mode amplitude
a, into the connecting waveguide and into the output waveguide. From the power

conservation and from the time reversal symmetry, the relationships between the amplitudes
of the outgoing-incoming waves in the waveguide and the amplitudes of the resonant modes

are given by

S -5 + |24 3)

Due to the connection of the cavity a, anda, by waveguides, the incoming waves to the
cavities should satisfy the relationships in a steady state: S =S5, exp(jBd) and
S, =S8,,exp(jBd), where pBis the wave propagation constant in the connecting waveguide
and d is the distance from cavity A, to cavity 4,, as shown in Fig. 1. When each of the two
bends formed by the connecting waveguide and the output waveguides are symmetry with
respect to their own angle bisectors, i.e., 1/z, =1/z,, , and when the phase-matching condition

pd =nzx “)
is satisfied (n is an integer), the reflection coefficient R and the transmission coefficient T

into the output ports can be determined as
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Comparing Eq. (5) and Eq. (6) with the results obtained in [3], the splitting region of the input
and output waveguides, which consists of three cavities and the connecting waveguides, can

be taken as a single mode composite cavity with effective resonant frequency w,, and the

effective decay rates of the composite cavity mode amplitude into the input waveguide and

into the output waveguides are 1/7, and 1/z, respectively.

From Eq. (5)-(9), zero reflection can be realized at the frequency w=w,, if the

rate-matching condition 1/z, =2/7, , i.e.

—=— (10)

is satisfied, and the power is split equally between the two output ports due to the symmetry
of the structure.

For T-type waveguide branch proposed in [3], the resonant frequency and the rate-matching
condition are both determined by the branching cavity, whereas for the power splitter with

two parallel output waveguides, the effective resonant frequency is determined by the



phase-matching condition described by Eq. (4) and the rate-matching condition is only
dependent on the cavity A , which is the same as that of the T-type waveguide branch [3]. So
from Eq. (7), we optimize the parameters 7, and @, of the cavity A, to make the effective
resonant frequency e, satisfy the phase-matching condition to obtain perfect transmission
and zero reflection.

It should be mentioned that when the resonant frequencies of these cavities are the same,
the phase-matching condition is not needed any more, which corresponds to the structure with
perfect T-type branch and two perfect sharp bends operated at that resonant frequency.

3. Design and numerical calculations

Based on the theoretical considerations above, we designed power splitters in a
two-dimensional photonic crystal of dielectric rods in air on a square array with lattice
constant a, which possesses a band-gap for transverse magnetic (electric field parallel to the
rods) modes[10]. The rods have radius of 0.20a and a dielectric constant of 11.56 (the
wavelength dependence of the material refractive indices is ignored). The waveguides are

formed by removing rows or columns of rods in the crystal.

In order to study the transmission and reflection properties of the power splitters, the 2D
finite-difference time-domain method with perfectly matched layer boundaries [11] is carried

out with subpixel smoothing to increase accuracy by using a freely available software

package ( Meep ) [12]. The computational cell is shown in the top panel of Fig. 2, where

d =3a. The simulations are performed at a resolution of 20x20 pixels per axa. A dipole
located at the entrance of the input waveguide creates a pulse with a Gaussian envelope in
time. Two points inside the guides are chosen to monitor the field amplitude, one in the input
waveguide (point A) and one in the output waveguide (point B), as indicated in the top panel

of Fig.2. By using a sizable computational cell of 201x25 lattice constants and by
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appropriately positioning the monitor points, we can distinguish and separate all the different
pulses propagating in the cell, such as the input pulse, the pulses reflected by and transmitted
though the splitter and the pulse reflected from the edges of the crystal. These pulses are
shown in the bottom panel of Fig. 2. In our simulation, three pulses covering different ranges
of frequencies, as shown in the inset of Fig. 3, are sent down the input waveguide. The input
pulses and the pulses transmitted through the splitter are detected by point A and point B
respectively, and Fourier transformed to obtain the normalized transmission coefficients for
each frequency, as shown in Fig. 3. Although the transmission coefficient remains higher than

45% for a wide range of frequencies between 0.369 (2zc/a) and 0.409 (27c/a), with a
maximum of 48.7% at the frequency w=0.392(27zc/a), perfect transmission and zero

reflection can not be obtained in the whole range of frequencies because the rate-matching
condition described by Eq. (10) are not satisfied.
In order to improve the transmission, we satisfy the rate-matching condition that

1/z,, =2/7,, by placing two extra rods with radius r =0.07a between the input and the

connecting waveguides as done in the literature reported in [3]. Based on the theoretical
analysis above, the phase-matching condition described by Eq. (4) is also needed to be

satisfied to obtain perfect performance, where only when n=2 does the effective resonant
frequency ®, locate in the photonic band gap. We optimize the parameters 7, andw, to
make «, fit that condition by adjusting the structure of the cavity A,. This is achieved by
carefully choosing radius r, and r. of four rods at the bend corners as shown in Fig. 4 (a),
where r,=0.20a, r, =0.0.i.e,cavity A, are the structure of sharp bends with zero radius of

curvature. Fig. 4 (b) shows the transmission spectra. The transmission coefficient remains

higher than 47.5% within a wide frequency ranges between 0.373 (27zc/a) and 0.408 (27zc/a),
and the desired 3-dB power splitter operation is obtained at the frequency w = 0.393(27c/a)

where the transmission coefficient reaches 50%. The inset of Fig. 4 (b) shows the steady-state

field distribution operated at w = 0.393(2zc/a) and the input wave splits equally into the two



output waveguides. The performance of the designed splitter is in good agreement with the

proposed analysis.

Figure 5(a) shows the another power splitter with d =4a , where there are two frequencies
located in the photonic band gap met the phase matching condition, i.e., n=2 or n=3.Two
extra rods with radius 0.07a are placed between the input and the connecting waveguides to
satisfy the rate-matching condition. In order to improve the transmission performance, we
need to adjust the effective resonant frequency «, to satisfy the phase-matching condition.
This is achieved by carefully choosing radius . and r. of four rods as shown in Fig. 5 (a).
The transmission properties are shown in Fig. 5 (b), where the solid line is the transmission
spectra for the structure with parametersr, =0.20a, r, =0.055a and the dash line for the
structure with parameters r, =0.235a,r, =0.0, respectively. For the former structure, the
effective resonant frequency «, is 0.347(2zc/a) corresponding to n=2, where the
transmission reaches maximum 50%. The other transmission peak at 0.414(27c/a)
corresponds to the phase matching condition where n =3, which is not satisfying the resonant
condition. For the latter structure, the transmission coefficient is a slow varying function of
the frequency, larger than 45% over a wide range of frequencies between 0.343(27zc/a)
and 0.420(2zc/a), and reaches maximum at @, =0.417(2zc/a) which corresponds to the
phase-matching condition where n=3.

4. Summary

We have presented a theoretical analysis of waveguide power splitters by the coupled-mode
theory. Three conditions for perfect transmission and zero reflection are obtained:
rate-matching condition, phase-matching condition and frequency resonant condition. Based

on these conditions, numerical simulations of the waveguide power splitters in



two-dimensional photonic crystals with near-complete transmission are demonstrated and an

excellent agreement has been found with the present analysis.
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Figure captions

Fig. 1. Schematic of the theoretical model for waveguide splitter. The black regions represent

the waveguides and the white circles represent resonator.

Fig. 2. Top panel: Schematic view of the 20lax25a computational cell, where the cavity A4
is located in the center. The field amplitude is monitored at points A and B, which are placed
in the input and output guides of the splitter, respectively. The distance between the two
output waveguides is 6a. Bottom panel: Field amplitude recorded at points A and B, as a
function of time. The pulses reflected by and transmitted through the splitter, as well as the

pulses reflected from the edges of the cell are easily discernible.

Fig. 3. Transmission coefficients for the power splitter shown in the top panel of Fig. 2. The

inset is the spectral profile of three input pulses.

Fig. 4. (a) Structure of the power splitter with d =3a . (b) Transmission spectra calculated by
the finite-different time-domain method. The inset is the electric field distribution at
frequency @, =0.393(27c/a), where red, blue and white represent large positive, large

negative and zero fields respectively. The electric field is polarized along the axis of dielectric

columns.

Fig. 5. (a) Structure of the power splitter with d =4a in two-dimensional photonic crystals
made from a square lattice. (b) Transmission spectra calculated by the finite-different

time-domain method. Solid line for the structure withr, =0.20a , r, = 0.055a ; Dash line for the

structure r. =0.235a, r,=00.
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Figure 2 of 5
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Figure 3 of 5
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Figure 4 of 5
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Figure 5 of 5
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