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Abstract— Designing a power splitter with five ports has been shown in this article. In order to
prevent the direct coupling between waveguides, a T-shaped structure with an appropriate distance
has been used. The coupling between the parallel photonic crystal waveguides is based on
multimode interference, while selecting the output efficiency is performed by setting the refractive
coefficients and radius of cavities in the coupling area. The photonic crystal of the splitter has a
square-shaped structure made of silicon rods with lattice constant “a”, radius of 0.2a and linear
refractive index of n=3.4. The filling factor of this structure is r/a=0.18. Characteristic curve of the
power splitter has been simulated by means of finite difference time domain (FDTD) method. The
present device can be used in the future photonic integrated circuits and optical network
applications.
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1. INTRODUCTION

Choosing an appropriate environment for light emission with minimum power dissipation is desirable in
optical devices. Photonic crystals are the novel type of optical structures that create a suitable environment
for light emission [1]. The photonic crystals have become a subject of great interest during the past few
years as a result of exhibiting good features [1, 2]. Photonic crystal is an environment of alternate optical
properties wherein at least two materials with different dielectric constant are repeated periodically. Some
stopping bands in the structures make electromagnetic wave propagation impossible. By causing a defect
in the photonic crystal structures, some virtual modes within band gaps are produced that can act as a
cavity resonance or waveguide [3]. Through directional coupling between two or more photonic crystal
waveguides, it is possible to create power splitters, optical switches [4], polarization splitters [5, 6],
mirrors [7, 8], splitters [9] and also filters [10, 11]. Among the devices mentioned above, the splitter is one
of the most important components in the optical integrated circuits being used in many systems. The
devices made by the photonic crystal structures have some advantages such as considerable reduction in
their size compared to their counterparts, whereas as a result of this unique feature, they lead to
miniaturization and integration of the optical devices in large scale. Many devices used in optical
integrated circuits have been made by the photonic crystals and it is expected that they will play an
important role in optical circuits as well [12, 13].

A waveguide can be created by making linear defects within a photonic crystal structure. The
photonic waveguides have much smaller dimensions in comparison to the electronic waveguides;
however, the power splitters are constructed by a combination of waveguides wherein the connections of
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such waveguides have been proposed as T, Y junctions while the waveguide combinatory couplers have
been proposed along with cavity (PCWs Coupler) [14].

Today, Y-junction structures and also high bending structures cannot be easily made due to bending
losses and lack of conformity in the joints. Considering the practical design of photonic integrated circuits
and the complex problems that Y branch faces has led to efforts to use the linear defect waveguides
coupling properties of photonic crystals. T-junction has been used in this research because it has a smaller
structure than Y-junction [15]. One way to design power splitters is to use the waveguides in combination
with normal and coupled cavities [16]. The transmitted power is created by the coupling between
waveguides. In other words, the transition power can be easily controlled by setting several parameters
including refractive index, distance and rods radius of coupling area. An advantage in this method is the
displacement change in the structure has not been used due to practical problems. Instead, the change in
refractive index and rod radius in the structure has been used since they can be easily implemented.

2. STRUCTURE DESIGN

Figure 1 shows the proposed five-port power splitter structure. Due to the simple structure, integrability
and little loss, the optical power splitter has been implemented through a T-shaped waveguide. In this
paper, power splitter is designed using 2D square lattice photonic crystal. The number of circular rods
considered for both ‘X’ and ‘Z’ directions is 61 and 41, respectively. In this structure, silicon rods with
linear refractive index of n=3.4(e, = 11.97), radius of r=0.2a and filling factor of r/a=0.18 with square
topology are located in the air substrate. This structure includes one input waveguide (P;), five output
waveguides (Po1, Po2..., and Pgs) and two coupling areas (C,, and C2). The central waveguide is called
bus waveguide whereas the output waveguides are dropping waveguide. The bus waveguide is created by
removing a single line defect along 'K direction. The coupling area of CRI1 is placed between drop
waveguides of 1 and 5 with the bus waveguide. Similarly, the coupling area of C, includes the two rows of
rods in between two drop waveguides of 2 and 4 with the bus waveguide. The type of power splitter can
be determined by setting radius and rods refraction coefficients in the two coupling areas (C; and C,).
Figure 2 depicts the first Brillouin zone of the square lattice. As sketches in Fig. 3 illustrate, a photonic
band gap (PBG) is found only for the transverse magnetic (TM) polarization. The normalized frequency of
TM PBG is shown from 0.445 a/A to 0.325 a/A whose corresponding wavelength ranges from 1213 nm to
1670 nm.
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Fig. 1. Schematic diagram of the five-port power splitter using “radius change” and “refractive index change”
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Fig. 2. A Brillouin zone of square lattice

Frequency (oa/2nc=a/))

X M r
Fig. 3. Band diagram of 61x41

The coupled mode theory (CMT) has been used to study the proposed structure [16-18]. The required
results can be achieved in this method by means of coupling between the cavities and bus/drop
waveguides and also by setting the radius and refraction coefficients of these cavities in the coupling
areas. Setting 1x1 to 1x5 splitters can be accomplished based on a similar structure. Coupling areas can be
divided into three parts: a) Single-mode input waveguide b) Multi-mode coupling region c¢) Single-mode
output waveguides.

3. POWER SPLITTER SIMULATION BASED ON RADIUS CHANGE

A Gaussian input signal is launched into the left side of bus waveguide ‘Pin’. The normalized transmission
spectra are calculated by 2D-FDTD method. Power monitors were placed at each of the other five ports
(Poutl, Pou2, Pout3, Poud and P,5) to save the transmitted spectral power density. According to Figs. 4 and
5, for a total transfer of power to the port Poutr(3), called 1x1 power splitter, the radius of dielectric rods in
the C, and C, coupling regions should be 73 and 73 nm, respectively. In this state, Pout (1), Pout (2), Pout
(4) and Pout (5) outputs values are almost zero. Determining the radius of the cavities of the coupling area
1 and 2 in the A rectangular area, the power splitter 1x1 is made in Figs. 4 and 5. In 1x2 power splitter,
the output port value is almost zero in all Pout (2), Pout (3) and Pout (4), while the total power is
transmitted to the Pout (1) and Pout (5) ports. In this condition, only the radius of dielectric rods which
equal 93 nm at the C, area is determinant and the rods radius at the C, area has no effect on Pout (1) and
Pout (5) output power. Determining the radius of the cavities of the coupling region 1 in the B rectangular
area, the power splitter 1x2 is provided in Figs. 4 and 5. For a total transfer of power to P,(2), Pou(3), and
P.ut(4) ports, called 1x3 power splitter, the dielectric rods radius at the C, and C, regions should be 120
and 75 nm, respectively. In this state, P,y (1) and Py (5) outputs values are almost zero. The 1x3 power
splitter is constructed by changing the radius of cavities within the rectangular range C and D. Figures 4
and 5 depict the rectangular range C and D respectively. For 1x4 power splitter, where the power
transmittance would be to Pou(1), Pouwt(2), Pou(4) and Pow(5), as before, the radius of dielectric rods at the
C, and C; regions should be 120 nm and 93 nm, respectively. In this state, Py (3) output is almost zero.
Figures 4 and 5, the radius of the cavities of the coupling area 1 and 2 in the C and F rectangular range is
determined respectively, where 1x4 power splitter is created. In 1x5 power splitter, the total power has
been transmitted to Poy (1), Pout (2), Pout (3), Pout (4) and Py (5) ports. To achieve this status, the radius of
dielectric rods at the C; and C, regions should be 120 and 83 nm, respectively. 1x5 power splitter is made
to determine the radius of the cavities of the coupling area 1 and 2 in the range of the C and E rectangular
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areas. The powers for output ports (1 and 5) and output ports (2 and 4) are in good agreement with each
other in Figs. 4 and 5, respectively.
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Fig. 4. Output power changes of waveguide 1, 5 and the waveguide between two coupling areas 1and 2 based
on “changes in cavities radius” at the coupling area 1

1 1 ! | | 1 1 1 | 1 | ' | 1
1.6 q ' [ Qutput Power:
I 4 T - Pout(2)
__l __ Pout(4)
1.2 - [~ 4 .
A B Pout(3)
A%

Output Power(W/\um)
S
Se
1

T S

Ol —— W
0.06 0.07 0.08 0.09 010 011 012 013 0.14
Radius(um)

Fig. 5. Output power changes of 2, 4 and 3 waveguides based on “changes
in cavities radius” at the coupling area 2

Figure 6 shows the optical field transfer curve of splitters in five different states. These five states have
been created by a change made in the radius of coupling areas. To show the function of this structure as
accurately as possible, the output light intensity of each port along with the defects radius values in
coupling areas are given in Table 1. Figure 6a-e depicts the structure performance and electric field pattern
of Power Splitter Based on Radius Change.
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Fig. 6. Optical electric-field distribution of power splitter in five different states: a) 1x1, b) 1x2, ¢) 1x3, d) 1x4 and
e) 1x5 by “changing the radius coefficients” at the coupling areas 1 and 2

Table 1. The results of power splitter structure design based on defects radius in coupling area 1 and 2

Type of Defects radius in coupling  Defects radius in coupling area Output Port

splitter area 1 (um 2 (um
P (k) (k) Po  Por | Poy | Po | Por
1x1 0.073 0.073 0 0 1 0 0
1x2 0.093 - 1 0 0 0 1
1x3 0.120 0.075 0 1 1 1 0
1x4 0.120 0.093 1 1 0 1 1
1x5 0.120 0.083 1 1 1 1 1

4. POWER SPLITTER SIMULATION BASED ON THE
CHANGE IN REFRACTIVE INDEX

The process of this splitter design based on the change in refractive index in the coupling area is now
being explained. In this way, no changes have been made in the radius of rods and only by changing the
refractive index of rods at the coupling areas (C, and C,) can the output powers of ports be adjusted. A
broadband Gaussian pulse is launched into input port, and monitors are then placed inside each bus and
drop waveguide of the power splitter, measuring the time-varying electric and magnetic field. Figure 7
shows the change in output power of the Pout (1), Pout (5) and the bus waveguide between coupling area
1 and 2 based on refractive index at coupling area 1 (C,). Output power of the Pout (2), Pout (3) and Pout
(4), based on refractive index at coupling area 2 (C,) is shown in Fig. 8. For 1x1 power splitter, where the
power transmittance would be to P, (3), as before, the dielectric rods refractive index at the C; and C,
regions should be 1.65 and 1.1, respectively. In this state, the output power of Pout (1), Pout (2), Pout (4)
and Pout (5) are almost zero. For 1x2 power splitter, the dielectric rods refractive coefficients at C; region
should be 1.4, while the dielectric rods refractive index at C, region is ineffective. Determining the
refractive index at coupling area 1 in the G rectangular range in Fig. 7, 1x2 power splitter is made. The
output power of Pout (2), Pout (3) and Pout (4) are nearly zero. For 1x3, 1x4 and 1x5 power splitters, the
dielectric rods refractive index at C; and C, regions have been obtained 2 (1.68), 2 (1.4) and 2.5 (2),
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respectively. For 1x3 the output powers of Pout (2) and Pout (4) are nearly zero. For 1x4 the output
power of Pout (3) is zero. By determining the refractive index at coupling area 1 and 2 (C1 and C2) in the
I, Q and K rectangular area in Figs. 7 and 8, 1x3, 1x4 and 1x5 power splitters are made respectively.
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Fig. 7. Output power changes of Pout (1), Pout (5) and waveguide between two coupling area based
on the “change in refractive index” at the C, coupling area
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Fig. 8. Output power changes of Pout (2), Pout (3) and Pout (4) based on the “change in
refractive index” at the C, coupling area

Figure 9a-e shows the structure performance and the electric field pattern of power splitter based on
change in refractive index at C1 and C2 coupling areas. These five states have been created by the change
of refractive index of coupling areas (C1 and C2). To illustrate the function of this structure as precisely as
possible, the output light intensity of each port along with the values of refractive index at the coupling
areas 1 and 2, are given in Table 2.
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Fig. 9. Optical electric-field distribution of power splitter in five different states: a) 1x1, b) 1x2, ¢) 1x3, d) 1x4 and
e) 1x5 by means of the “change in the refractive index” at the coupling areas 1 and 2

Table 2. The results of power splitter structure design based on the change of refractive
index at the coupling areas land 2

Type of  Change of refractive index at Change of refractive index Output Port
splitter the coupling area 1 (n,) at the coupling area 2 (ny)
Pop  Pop  Pos  Pos  Pos

1x1 1.65 1.65 0 0 1 0 0
1x2 1.4 - 1 0 0 0 1
1x3 2 1.68 1 0 1 0 1
1x4 2 1.4 1 1 0 1 1
1x5 2.5 2 1 1 1 1 1

5. CONCLUSION

In this article, a compact integrated power splitting device with one output (1 x 1), two outputs (1x 2),
three outputs (1x 3), four outputs (1 x 4) and five outputs (1x 5) channel has been designed and also
simulated through coupling between waveguides, cavities and T-junction in a square structure of photonic
crystal. The structure has a certain performance with optimum dimension of 61um x 41um. This structure
includes an input waveguide, five output waveguides and two coupling areas. The photonic crystal of this
structure is made of a square lattice of silicon rods with the refractive index n;=3.46 which are perforated
in air with refractive index n,=1. In addition, using two methods “radius change” and “refractive index
change” in the coupling areas, a power splitter can be designed that outputs power at each port at the
desired level. The dissolution in the photonic crystal was minimized by setting the lattice constant and the
radius of cavities. By using this idea, the structure can be expanded as a 1xN splitter.
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