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An Ultra-Compact 1x5 and 1x10 Beam-
Splitters In Photonic Crystal Slab
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Faculty of Technology, university of Tlemcen, Algeria
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Abstract— In this paper, an ultra-compact 1x5 and 1x10 beam splitters operating in optical C-
band signals were numerically investigated and optimized in triangular lattice PhC slab
employing the FDTD simulations. The high performances of both beam-splitters were reached by
altering the junction area of the beam-splitter structure using topology optimization. The results
show thatthe beam is distributed almost equally with extremely efficient total transmissions of
about 99.23% and 94.39% and low insertion losses of about 0.03 and 0.25 dB for the 1x5 and

1x10 beam-splitters successively around the optical operating wavelength 1550 nm.

Index Terms— PhC slab; 1x5 beam-splitter; 1x10 beam-splitter; reflecting mirror (RM).
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. Introduction

There are several methods for the light emission in optical devices, but choosing a
suitable environment with minimum power dissipation remains a major goal in these devices.
Photonic crystals PhCs are the optical components that have been investigated by researchers in
the last decades [1]. These materials with exotic properties have proven very important device for
integrated optics. Among the PhCs devices, the power splitter [2] witch is a passive key
component that is used in many systems. Ideally, they ensure sending light around sharp bends or
compactly separate an incident light beam into two or more beams with orthogonal linear
polarizations that travel in different directions [3], but without significant reflection or radiation
losses and should be compact in size. Now power splitters have been extensively studied for their

potential applications in various optical communication areas [4].

There are some possible ways how to split optical power from one input channel to two or
more output channels such as multimode interference (MMI) splitter [5] or through directional
coupling between two or more photonic crystal waveguides. It is possible to divide the input light
into two or more identically powered output channels [6]. To our knowledge the most straight
forward optical power splitter is the Y-junction structure [7]-[8] where their design consists of
three single defect waveguides joined together at 120° which leads to strong reflections and
narrow bandwidth operation [9]. To analyze the photonic crystal devices, a diversity of
computational techniques have been exploited [10]-[16]. The FDTD method is one of the major
computational electromagnetic techniques extensively employed and suitable for iterative
optimizations or conceptual studies offering precise results.

In this paper, we propose a schematic structure of PhC slab Y-junction based 1x5 and
1x10 power splitters exhibiting an equal amount of power distribution where the optical

modeling of the proposed structure was investigated by the FDTD simulation.

This paper is organized as follows: the 1x5 beam-splitter is presented in section Il with
the description of the design and used parameters, and then its simulation with optimization is
interpreted. In section 111, a 1x10 beam-splitter is proposed, and its performance is analyzed and

optimized using the same previous technique.



1. Basic 1x5 beam-splitter configuration

Figure 1 shows the schematic representation of the proposed beam-splitter implemented
on a PhC structure where air rods are placed in a triangular representation with the following
geometrical and physical characteristics: nesr= 3.24 provides high transmittance and a PBG at
near-infrared band, r =0.36a and air filling factor equal to 47%. The proposed 1x5 beam-splitter
was designed by a unique input PhC channel waveguide and five exits. The suggested slab is
formed by cascading the 1x3 beam-splitter with the 1x2 beam-splitters S; and S> on each exit
channel of the extremity of the 1x3 beam-splitter symmetrically, which is realized by creating

two mono rows; consequently, five exit channels are attained.

Toward to reach a similar beam-splitting ratio at 1550 nm for optical C-band wavelength
and decrease the reflection losses inspired from [17]-[18], topology optimization scheme is
adopted to adapt the topology at the division region, where we employ two methods to change
the origin shape, firstly we get the external junction curve lobes to the interior of the bend, using
reflecting mirror at the junction bend. Secondly, we eliminate rods radius in opposite of the RM
region; some additional rods are placed at the center of the beam-splitter, and containing three

rods in shape of triangles as displayed in Figure 1.
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Figure 1. Schematic view of the optimized PhC slab 1x5 beam-splitter, with parameters: Sx =
27 um, Sy = 24 um, Ax =0.05 um, Ay =0.05 pm,r1 = 0.167a, r1 is the radius of the air
rod at the center of the Y-junction, L = 3.46um, Ly = 1.48 um, L = 0.98 um, r3 =
0.5a and L3 = 1.85 pum.

The spectrum of the normalized transmission T graphs computed at exits in the region

band of wavelengths [1.53- 1.57 um] have been plotted in Figure 2.

The graph shows that, the proposed device will split the input optical beam to the five
output channels almost evenly with a transmittance more than 19.78% per each channel output
the working wavelength 1.55 um, which presents the ideal spot where the maximum transmission
can reach 99.23%. In the other hand, the weak back reflection is realized over the entire designed
wavelength range, this is mainly the cause of the confinement of light in splitting and bending

regions resulting in losses.
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Figure 2. 1x5 beam divider transmission graphs which is composed on the optimized Y -junction
splitting geometry.

To discuss our proposed structure, a comparative study has been done with all the papers
found from literatures that treat 1x5 beam-splitter. The obtained statistics are completed at the

wavelength 1.55 pm. The 1x2 and 1x5 beam-splitters performances are summarized in table |

and II.
TABLE |. 1X2 DIVIDEROPTIMAL RESULTS

Computing Transmission
wavelength % Total %
[um] Po1 Po2
1x2 splitter Sy at:1.55 45.41 45.41 90.82
1x2 splitter Sy at: 155 45.41 45.34 90.75

TABLE Il. 1x5 DIVIDER OPTIMAL RESULTS VERSUS SOME PUBLISHED PAPERS

Computing Transmission %
Wavelength 0; 0O, O3 O, Os Total%
[um]
Ref. [18] 2.35 18 18 18 18 18 90
Ref. [19] 1.61 17.7  17.7 17.7 17.7 17.7 88.50

Our Work 1.55 19.87 19.87 19.78 19.84 19.87 99.23




It is easy to observe, according to Table I, that maximum transmissions which exceed
19.50% for the optimized structures are attained, which shows a noticeable improvement over the
references [18] and [19]. Besides, the division is perfectly equitable.

The magnetic field Hz distribution of the beam-splitter 1x5 excited in TE mode for 4000

time step is show in Figure 3. The source is a pulse with a Gaussian time envelope.
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Figure 3. Field H; distribution of the beam-splitter 1x5 excited in TE mode for 4000 time step.

Obviously, a guiding of the fundamental mode along the guide is observed in the different
branches of the 1 x 5 divider. Besides, the optimized topology allows flexible routing of the wave
and the exits channels have almost equal output power.

I11. Basic 1x10 beam-splitter configuration

In this section, we pay particular attention to the improvement of the 1x10 beam-splitter
design, here the identical physical and geometrical properties of the 1x5 device investigated
before are kept, then each output is divided in two channels as inspired from [17]-[18] by
employing two way splitters Sz, S4, Ss, Se and S7. Consequently, ten exit channels for the 1x10
beam-splitter are generated. For the optimization procedure of the 1x10 beam junction topology,
the similar methods described before are adopted for the optimization of transmission of the
proposed 1x5 junction to reach an even splitting. The optimized 1x10 beam-splitter drawing

topology is displayed in Figure 4.
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Figure 4. The 1x10 beam splitter optimal design exited in transvers electric mode with parallel
output waveguides based on the integration of the Y-junction. The parameters are set
such as:r = 0.36a, neft = 3.24, Sxy= 27 um, Sy = 27.5 um, AX =Ay =0.05um and the
areas of the 1x2 splitters.

Figure 5 displays the 1x10 beam-splitternormalized computed transmission spectrum at
exits in the region band of wavelengths [1.53- 1.57 um].
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Figure 5. Computed transmission spectra for the structure illustrated in Figure 3. Beam is
divided almost equally between the ten outputs.



Depending on the achieved FDTD method computation results, we notice an intersection
at the wavelength 1550 nm of all graphs with transmission levels very close. The computed levels
at 1550 nm are:~ 9.28%, 9.33%, 9.72%, 9.17%, 10.02%, 9.16%, 9.54%, 9.64%, 9.31% and
9.22% for output 1, output 2, output 3, output 4, output 5, output 6, output 7, output 8, output 9,

and output 10, for a total of 94.39%, consequently, an effective beam splitting is reached.

We also calculated the reflection power coefficient parameter, which gave us information
on what fraction of the input power was reflected backward from the crystal. The back reflection
was less than 5.7%. It is confirmed that the optimal design exhibits interesting results where
slight reflection losses are recorded. The optimal transmissions of 1x2 and 1x10 splitters designs

are reported in table Il and 1V.

TABLE Ill. 1X2 DIVIDER OPTIMAL RESULTS

Computing Transmission % Total
wavelength %
[nm]

01 0. 03 O4 Os
Our at : 1550 9.28 933 9.72 9.17 10.02 94.39
Work Os Oy Os Og O1o

916 954 964 931 9.22

TABLE V. 1X2 DIVIDERS OPTIMAL RESULTS OF THE 1x10 SPLITTER

Operating Transmission %
wavelength o, Oo2 Total %
[nm]

1x2 splitter Sz at : 1550 46.12 46.37 92.49
1x2 splitter S4  at : 1550 50.15 47.31 97.46
1x2 splitter Ss  at : 1550 49.80 45.52 95.32
1x2 splitter S¢  at : 1550 48.90 49.41 98.31
1x2 splitter Sz at : 1550 49.00 48.53 97.53

The insertion loss can be defined as the ratio of output power and input power based on
the following relationship: IL = 10log;, (POUt/P_ ) The table V reports the insertion losses
mn

ILsresults for two optimal designs, 1x5 and 1x10 beam-splitters. The associated ILs of the beam-
splitter 1x5 are, successively, 7.01, 7.04, 7.03, 7.02, and 7.01 for the five exits from 1 to 5.


http://www.thesaurus.com/browse/successively

Whereas the associated ILs of the 1x10 beam-splitter are, successively, 10.32, 10.30, 10.01,
10.37, 9.99, 10.38, 10.20, 10.15, 10.31, and 10.35 for the ten exits from 1 to 10. Obviously,

according to Table I, small achieved ILs are attained.

TABLE V. 1x5 AND 1x10 BEAM-SPLITTER COMPUTED ILS RESULTS

Full ILs
in Computed ILsat different channels exit (dB)
| dB|

1x5 splitter 0.03 O: 02 O3 Oa4 Os
7.01 7.04 7.03 7.02 7.01

01 02 O3 O4 Os
1x10 splitter 0.25 10.32 10.30 10.01 10.37 9.99
Os Oz Osg Oo O10

10.38 10.20 10.15 10.31 10.35
Let us present in Figure 6 the magnetic field Hz distribution of the beam-splitter 1x10

excited in TE mode for 4000 time step.
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Figure 6. Field Hz distribution the beam-splitter 1x10 excited in TE mode for 4000 time step.

The magnetic field strength Hz distribution of the excited in TE mode for 4000 number of

time step as show in Figure 6 revealsnoticeably the guided wave through the beam-splitter 1x5.

IVV. Conclusion
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In conclusion, we have proposed in this study the design of two ultra-compact beam-
splitters. The characteristics of the first 1x5 beam-splitter are calculated by FDTD and it is
demonstrated that the parameters of this device are significantly improved compared with the
literature, whereas the 1x10 beam-splitter conception that never existed in literature, is capable of
dividing the electromagnetic wave power desirably, i.e., transfersa normalized power with a level
that exceeds 9.16% at each output channel at the operating frequency. From the simulation
results, our design demonstrates anextremelyhigh transmitted normalized power of about 99.23%
and 94.39% and low insertion losses of about 0.03 and 0.25 dB for the 1x5 and 1x10 beam-
splitters. Thus, these proposed devices could be applied into DWDM systems.
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