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FIG. 4. (Color online) (a) FDTD simulation of the electric field in the beam deflector. The line shows the beam trajectory derived from analytical expression.
(b) Normalized electric field intensity distribution of the beam deflector along line 1 and line 2.

(5)

dy ,
tan 6(x) = 2y - Yoasinax + 6, cos ax,
X

Figure 4(a) indicates that GRIN PC can successfully be used
to bend the light propagation direction. To quantify the bend-
ing effect, emergent angle 6,,q was defined as the angle be-
tween the emergent light propagation direction and the x
axis. Emergent light propagation direction was defined as the
direction normal to the cross-section in which the transmitted
beam had a normalized intensity distribution most similar to
that of the incident beam. 6,,4 was calculated to be —15.1°,
indicating that the light was deflected by 30.1°. Figure 4(b)
shows that before (line 1) and after (line 2) the deflection, the
normalized intensity distribution remains nearly identical.
The beam deflector can maintain the deflection performance
for normalized frequencies between 0.135 and 0.28 (Fig. S4
in Ref. 66).

The emergent angle can also be calculated theoretically
using Eq. (5). In this case, the length is 7/, so the 6 ,
=—-6y=—15°. By using different lengths of the beam deflec-
tor, according to Eq. (5), we can also obtain different “refrac-
tion angles.” For instance, the PC can be a deflector if the
length is (2nm+ )/« (here n can be any positive integer),
which means 6.,q ,=—60. If the length is 2nw/«, then
Ocna_a= 0y, wWhich means that the light propagation direction
stays the same while the light is shifted along the length of
PC.
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IV. MULTIFUNCTIONAL GRIN PC

Since both beam aperture modification and beam deflec-
tion are obtained by using parabolic GRIN PCs, we can com-
bine these two designs to achieve multifunctional PCs with
both functions operating simultaneously. Using the beam
source employed in the beam deflection and the PCs for
beam aperture modification, we simulated the combination
effect using the FDTD method [Fig. 5(a)]. The normalized
electric intensity distribution of the incident beam and the
emergent beam shown in Fig. 5(b) indicate that this multi-
functional GRIN PC structure can change the beam width
and the propagation direction simultaneously. However,
there are some limitations in this design. Because the width
of PC, is smaller than that of PC, if the incident light beam
is too wide or the incident angle is too large, some of the
light will propagate outside the PCs, leading to radiative loss.
For example, in the design shown in Fig. 5, when the inci-
dent angle is enlarged to 25° or greater and the incident beam
width is 14a or greater, there will be significant radiative
loss. This multifunctional GRIN PCs operates for normalized
frequencies between 0.153 and 0.28 (Fig. S5 in Ref. 66).

V. SUMMARY

We have designed a beam aperture modifier and a beam
deflector using parabolic GRIN PCs. The performance of
these GRIN PC-based devices was simulated and analyzed
through both FDTD-based computational methods and gra-
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FIG. 5. (Color online) (a) FDTD simulation of the electric field in the multifunctional PCs. The line shows the beam trajectory derived from analytical
expression. (b) Normalized electric field intensity distribution of the multifunctional PCs along line 1 and line 2.
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dient optics-based analytical solutions. We have also de-
signed a multifunctional GRIN PC combining both functions
(beam aperture modification and beam deflection). Com-
pared with the conventional approaches, the GRIN PC-based
beam aperture modifier and beam deflector described here
can be conveniently fabricated down to the micrometer scale.
They can be used as connectors and bi-directional couplers
and have promising potential in applications such as inte-
grated photonic circuits and laboratory on a chip.
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