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Accurate Simulation of a Shallow-etched Grating Antenna on Silicon-on-insulator for
Optical Phased Amray Using Finite-difference Time-domain Methods
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We present simulation methods to accurately determine the transmission efficiency and far-field patterns
(FFPs) of a shallow-etched waveguide grating antenna (WGA) formed on a silicon-on-insulator wafer based
on the finite-difference time-domain (FDTD) approach. The directionality and the FFP of a WGA with
>1-mm in length can be obtained reliably by simulating a truncated WGA structure using a three-dimensional
FDTD method and a full-scale WGA using a two-dimensional FDTD with the effective index method.
The developed FDTD methods are applied to the simulation of an optical phased array (OPA) composed
of a uniformly spaced WGA array, and the steering-angle dependent transmission efficiency and FFPs are
obtained in OPA structures having up to 128-channel WGAs.
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I. INTRODUCTION

Recently, optical phased arrays (OPAs) based on silicon
photonics technology have attracted increasing attention for
applications in free-space beam steering of light detection
and ranging (LIDAR) systems [1-14]. The OPA offers
several advantages such as low cost, reduced size and
weight, and increased speed by using the scalability and
integrability of silicon photonics. By combining a one-
dimensional (1-D) OPA with grating emitters and a tunable
laser, beam steering can be achieved in the two-dimensional
(2-D) space [3-10]. The emitter elements of OPAs consists
of tens or hundreds of waveguide grating antennas (WGAs)
arranged either uniformly [3-11] or aperiodically [12-14].
Each WGA is usually formed on the Si waveguide of a
silicon-on-insulator (SOI) wafer. The LIDAR applications
demand beam steering characteristics such as a wide field
of view with high output power in the main lobe and
small beam divergence for good spatial resolution. For
such purposes, optimum design of an OPA arrangement is
required based on reliable simulation methods.

Finite-difference time-domain (FDTD) methods have been
frequently employed for designing grating structures on
SOI for fiber-grating couplers [15-20] and band-pass filters
[21-23]. For such applications, the etch depth of grating
structures was typically larger than 50 nm and the length
of the grating region was limited to less than ~100 pm.
Then, full three-dimensional (3-D) FDTD methods can be
applied for simulating such grating devices. However, the
dimension of WGAs for the OPA application could be
much larger than that of fiber-grating couplers or band-pass
filters. To achieve small beam divergence in the longitudinal
direction, one needs long WGAs that may be scaled to
several millimeters [12, 24]. Therefore, a small grating etch
depth relative to the Si waveguide dimension is required to
reduce the grating strength, thus increasing the propagation
length over the WGA. In Ref. [12], grating etch depth of
only ~16 nm was employed in a 400-nm-thick Si rib wave-
guide. Due to the mm-sized grating length and shallow-
etched grating trench, the FDTD simulation of a full-scale
WGA has been challenging. In addition, the lateral dimension
of an OPA can be larger than 100 pm, which would be
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too large to be simulated using 3-D FDTD methods. To
our knowledge, few attempts have been made to simulate
OPA structures using FDTD methods.

In this paper, we present FDTD simulation methods to
accurately determine the grating directionality and far-field
patterns (FFPs) of a shallow-etched grating antenna formed
on a SOI wafer for OPA applications. It will be demon-
strated that the directionality and FFP in the Ilateral
direction can be obtained by simulating a truncated WGA
of a greatly reduced length using a 3-D FDTD method
and the FFP in the longitudinal direction can be obtained
by using a 2-D FDTD method with effective refractive
index. In this way, simulation time and computational
resources can be significantly saved without sacrificing the
accuracy of simulation results. The FDTD simulation
methods for a shallow-etched grating antenna are applied
for simulating OPA structures having up to a 128-channel
WGA array to obtain steering-angle dependent FFPs and
transmission efficiency.

II. METHODS

Figure 1 shows the schematic of the simulated WGA
structure. A Si ridge waveguide with the width, w and the
thickness, #, is formed on a SiO, buried oxide (BOX)
layer with the thickness 7,. The grating antenna is formed
by patterning periodic grooves on the Si waveguide with
the etch depth, 7. The background material outside the
WGA and the material of grating grooves are assumed to
be air. The total length of the WGA along the z direction
is denoted as L,, An OPA can be formed by 1-D
arrangement of WGAs along the x-axis. The beam steering
in the phased-array direction (y in the xy plane) and the
longitudinal direction (€ in the yz plane) is achieved by
the phase control between WGAs and the wavelength
control, respectively.
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For the FDTD simulation of WGA structures, we
employed as software, FDTD Solutions by Lumerical Inc.
[25]. A perfectly-matched-layer boundary condition was
used at all simulation boundaries. A fundamental transverse-
electric (TE) mode source was launched as the input mode
at the Si waveguide before the grating region. The center
wavelength and the full-width at half-maximum (FWHM)
of the mode source were set at 1.31 pm and 0.5 pm,
respectively. Two power monitors were positioned above
the grating patterns in the xz plane and at the end of the
grating waveguide in the xy plane to obtain the top
transmittance and the forward transmittance, respectively,
as shown in Fig. 1(a). The FFPs in both directions (6 and
w) can be calculated using the field data of the top monitor.
The refractive indices of Si and BOX layers were set at
3.45 and 1.45, respectively [26]. Since L, of actual WGAs
comprising an OPA can be extended to several mms, it is
challenging to perform 3-D FDTD simulations of a
full-structure WGA. Therefore, we performed 3-D FDTD
simulations for truncated WGA structures with L, less than
100 pm and develop the methods to accurately determine
the directionality and FFP of actual WGA structures.

In the simulations of this work, the width of the WGA
(w) was fixed at 0.4 pm because a narrow emitter is
necessary to exhibit wide-angle emission that is required
for large steering range in w [6, 12]. We considered two
kinds of grating antennas (WGA1 and WGA2) with
different waveguide thicknesses: #, of WGA1 and WGA2
was set at 220 and 450 nm, respectively. The grating pitch
of WGA1 and WGA2 was respectively chosen to be 560
and 470 nm, corresponding to the emission angle in the 6
direction of ~8 degree at 1.31 um. The duty cycle of
gratings was fixed at 50% for both structures. The BOX
thickness (#,) of WGA1 and WGA2 was set at 1300 and
1000 nm, respectively. These values of the BOX thickness
were chosen such that a Gaussian-like emission profile can
be exhibited in the w direction. The etch depth (z) of
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FIG. 1. Schematic of the simulated WGA structure: (a) side view in the yz plane, and (b) front view in the xy plane. A Si waveguide
with the width, w and the thickness, #, is formed on a SiO, buried oxide (BOX) layer with the thickness #,. Periodic grooves with the
etch depth, 7, are patterned on the Si waveguide. The beam steering angle in the longitudinal and the lateral direction is denoted as €
in the yz plane and y in the xy plane,. The detection planes in the FDTD simulations for the top and forward transmittance are denoted

as red dotted lines.
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gratings were varied from 10 to 30 nm to obtain narrow
beam divergence in the # direction as mentioned before.
Basically, the mesh cells per wavelength were set at 18 in
the FDTD simulations of this study, which corresponds to
the mesh cell size of ~20 nm in Si layers. In order to
represent the shallow-etched grating region appropriately,
the mesh cell size of this region was set to be 2 to 5 nm
depending on the etch depth. That is, nonuniform mesh
structures were employed in the vertical direction of the
WGA in our FDTD simulations [25]. We confirmed that our
mesh setting gives good convergence of simulation results.

III. SIMULATION RESULTS OF
A GRATING ANTENNA

3.1. Grating Directionality

First, the transmittances in the direction above the WGA
and in the forward direction are calculated. In the FDTD
simulations, the transmittance is determined as the ratio of
the power detected in a detection plane to the source power.
The detection planes for calculating the top transmittance
(T7)) and forward transmittance (7;) are denoted as dotted
lines in Fig. 1. Figure 2(a) plots the top transmittance (7;)
and the forward transmittance (7}) as L, varies from 25 to
300 um for WGA1 (t,, =220 nm) with z, of 15 nm. As L,
increases, I; increases and Ty decreases. Since I; has
exponentially decaying dependence on L,, Ty at distance z
is expressed as [15, 27]

T,(2) =T, (0)exp(-2az), )

where a is the coupling strength of the grating. a can be
obtained from the simulation result of 7 for each L,. a can
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also be determined from the decay of near field profile.
Figure 2(b) shows the electric field intensity (|E]%) at the
top monitor along the z direction. a is obtained by the
linear fit of log(|E]*) versus distance as shown in Fig. 2(c).
Two methods mentioned above were found to draw the
almost identical results on the a value. As 7, increases from
10 to 30 nm, a varies from 1.8 to 15 mm"' for WGALl
and varies from 0.5 to 2.8 mm” for WGA2, indicating
that the coupling strength of the grating increases as the
etch depth increases or the waveguide thickness decreases.

Using the a value, 7, at distance x can be obtained as
(28]

T,(z) = D[l — exp(20az)], ?2)

where D is the grating directionality which is defined as
the ratio between the power diffracted upwards and the
input power from the grating. Here, D corresponds to the
top transmittance for an infinitely long WGA. Figure 3
shows T; as a function of L, for several etch depths of
WGA1 and WGA2. Line data were plotted using Eq. (2)
with the a value obtained from L, of 20 um. Solid dots
represent actual full 3-D FDTD simulation results of 7; for
L, from 20 to 500 pm. Two results show good agreements
for all cases, implying that the top transmittance and the
directionality of a shallow-etched WGA with >1 mm in
length can be determined quite accurately by simulating
with only a 20-um-long WGA using a 3-D FDTD method.

The top transmittance becomes saturated at sufficiently
long L, and approaches the D value when the propagating
light inside a WGA out-couples to free space almost
completely. The grating length where the saturation of the
top transmittance occurred increases as a decreases. D of
the WGA increases as the etch depth or the Si waveguide
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FIG. 2. (a) 3-D FDTD simulation results on top and forward transmittance of the WGA 1 as a function of the antenna length (L,). (b)
Electric field intensity (|£[*) distribution at the top monitor along the longitudinal direction (z-direction). (c) Log(|E[*) versus distance
z. The coupling strength of the grating («) can be obtained from the linear fit of log(|E|*) versus z.
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FIG. 3. Top transmittance (7;) is plotted as a function of L, for
(a) WGAL (#, = 220 nm) and (b) WGA?2 (¢, = 450 nm) for
several values of etch depths from 10 to 30 nm. Lines and
solid dots represent the results determined by the grating’s
coupling strength (@) obtained from the 20-um-long WGA
and the full 3-D FDTD simulation for L, from 20 to 500 pm,
respectively.

thickness increases. D of WGA2 can be higher than 0.35
when the etch depth is deeper than 25 nm, whereas that of
WGAL is lower than 0.25 for all values of the etch depth.

3.2. FFP in the © Direction

To obtain the FFP in the & direction correctly, the
z-dimension of the top monitor should be sufficiently large
(~1 mm). Since the full 3-D FDTD simulation for such
a long WGA is impractical, we adopted a 2-D FDTD
simulation method with effective refractive index, s In the
2-D FDTD simulation of WGA structures, the x-dimension
of the Si waveguide is assumed to be infinite and the
refractive index of Si is replaced with 7y. Other parameters
such as the grating pitch, the etch depth, the BOX
thickness, and L, remain unchanged. Here, n.x was chosen
such that the peak angle in the FFP of the 2-D FDTD
simulation could coincide with that of the 3-D FDTD
simulation result. #n.y was found to be ~3.025 and ~3.098
for WGA1 and WGA?2, respectively. Figure 4 shows the
FFP in the 6 direction for the 2-D FDTD method with
effective index and the full 3-D FDTD method when the
etch depth is 15 nm and L, is 100 pm. For both WGA1
and WGA2, the 2-D FDTD method with effective index
and the full 3-D FDTD simulation results exhibit the
almost identical shape of FFPs. This good correspondence
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FIG. 4. FFP in the @ direction for the 2-D FDTD method with

effective index (dotted lines) and the full 3-D FDTD method

(solid lines) for (a) WGAI and (b) WGA2. Here, the etch

depth is 15 nm and L, is 100 pm for both WGA structures.

between the 2-D and the 3-D simulation results has also
been found for other values of etch depths and L,
Consequently, the FWHM as well as the peak angle can
be determined with great accuracy by using the 2-D FDTD
method with effective refractive index.

Figure 5 shows the 2-D FDTD simulation results of the
FWHM in the @ direction for several etch depths of WGALI
and WGA2. The FWHM obtained by the full 3-D FDTD
simulation was also plotted as solid dots for L; up to 500
um, and reasonably good agreement between the 2-D and
the 3-D simulation results are observed. Theoretically, the
FWHM in the @ direction for Gaussian beams is given by

(3]

_0.866/,

AG =
Lg cosf’ G)

where 4, is the free-space wavelength. The FWHM given
by Eq. (3) is also plotted as dotted lines in Fig. 5.

The simulated FWHM is slightly larger than the
theoretical one, which is attributed to the fact that the FFP
of the simulated WGAs deviates from the Gaussian beams.
As L, increases, the simulated FWHM begins to saturate
and approaches a certain minimum value for a sufficiently
long WGA. The saturation of the FWHM occurs when the
propagating beam inside a WGA outcouples to free space
almost completely as one can see by comparing the results
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FIG. 5. FWHM in the @ direction for (a) WGA1 and (b)
WGAZ2. Lines and solid dots represent the results obtained by
the 2-D FDTD method with effective index for several values
of the etch depth and the 3-D FDTD method, respectively.
Theoretical FWHM values are also plotted as dotted lines.
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FIG. 6. Normalized FFPs in the 8 direction simulated by the
2-D FDTD method with effective refractive index for (a)
WGAL and (b) WGA2 as L, is varied from 100 to 2000 pm.
The etch depth is fixed at 15 nm for both WGA structures.

of Figs. 3 and 5. The minimum 46 decreases as the etch
depth decreases or the waveguide thickness increases. To
achieve 46 less than 0.1°, the grating etch depth should be
as shallow as 10 nm for WGAI and 20 nm for WGA2. If
the grating etch depth needs to be deeper than 15 nm due
to the limitation of fabrication, the divergence angle of
less than 0.1° is difficult to be achieved in a thin Si
waveguide of the thickness 220 nm.

Figure 6 depicts normalized FFPs in the 6§ direction
simulated by the 2-D FDTD method with effective refractive
index for WGAI1 and WGA2. The etch depth is 15 nm for
both WGAs. As L, increases, the beam divergence becomes
narrower and begins to saturate for sufficiently long L,.
The minimum FWHM is ~0.12° and ~0.05° for WGA1 and
WGA?2, respectively. The required L, for obtaining such
minimum FWHM values is ~800 pm for WGA1 and ~2000
pm for WGA2.

3.3. FFP in the @ Direction

We employed the 3-D FDTD method for simulating
FFPs in the y direction. Figure 7 shows the FFP in the y
direction for L, values from 5 to 100 pum. Here, the grating
etch depth was fixed at 15 nm for both WGA1 and WGA2.
For both WGA structures, little difference in FFP is
observed when L, is larger than 10 pm. When L, is 5 um,
FFP deviates slightly from other values of L, This result
implies that FFP in the y direction can be determined
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FIG. 7. 3-D FDTD simulation results of FFPs in the y direction
for (a) WGA and (b) WGA?2 as L, is varied from 5 to 100 pm.
Here, the grating etch depth is fixed at 15 nm for both WGA
structures. Little difference in FFP is observed when L, is
equal to or larger than 10 um for both structures.
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quite accurately using 3-D FDTD simulation with L, equal
to or larger than 10 pm, which does not require great
computational resources. In addition, it was found that the
FFP in the w direction did not change greatly with the
variation of the etch depth from 10 to 30 nm.

Figure 8 shows the FFP in the y direction for several
values of the BOX layer thickness. Here, L, was fixed at
20 um. The FFP is strongly influenced by the thickness of
the BOX layer because of the interference between the
light diffracted at grating patterns, the light reflected at the
interface of the Si waveguide and BOX, and the light
reflected at the interface of the BOX and Si substrate.
This interference effect greatly modifies the FFP as well
as the top transmittance. As mentioned in Section II, the
BOX layer thickness of WGA1 and WGA2 was respectively
chosen to be 1300 and 1000 nm, which resulted in the
Gaussian-like FFP as shown in Fig. 8. When the BOX
thickness is 1200 nm for WGA1 and 900 nm for WGA2,
strong constructive interference in the vertical direction is
observed. On the contrary, when the BOX thickness is
1400 nm for WGA1 and 1100 nm WGA2, double lobes
are observed as a result of the constructive interference
around 30°. Since the y-direction FFP of the WGA acts as
the envelop function in the FFP of an OPA [3, 12],
choosing the proper BOX layer thickness is important to
achieve desirable beam steering characteristics in the OPA
application.
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FIG. 8. Normalized FFPs in the  direction for (a) WGA1 and
(b) WGAZ2. Here, the BOX layer thickness is varied from
1200 to 1400 nm for WGA1 and varied from 900 to 1100 nm
for WGA2. L, is fixed at 20 pm for both WGA structures.
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IV. SIMULATION RESULTS OF OPA

In this section, we apply the FDTD methods in Section
3 for simulating the top transmittance and FFP of OPA
structures. Figure 9 schematically shows the top-view of a
simulated OPA structure that consists of a uniformly
spaced 1-D WGA array. Here, the number of WGAs and
the spacing between WGAs are denoted as N and d,
respectively. As the WGA element comprising the OPA,
we adopt WGA2 with the BOX thickness 1000 nm and
the etch depth 20 nm, which showed relatively high
directionality of ~0.34 and the low minimum FWHM of
<0.1° in the @ direction. An OPA with uniformly spaced
WGASs generates higher-order grating lobes in addition to
the main lobe. The angles of grating lobes are given by
[13]

siny,, = m7/1 +siny,, O]

where d is the spacing between WGAs, m is the order of
the grating lobe, ¥, is the angle of the m-th order grating
lobe, and ¥, is the angle of the main lobe. As d increases,
the angle between the main lobe and the 1-st order grating
lobe decreases, limiting the beam steering range in the
direction. To cover the beam steering range approaching
+90°, d should be as small as half wavelength, ~0.65 um.
However, this sub-micron pitch could result in significant
crosstalk with adjacent WGAs and large beam divergence
angle. According to the result of Ref. 13, the crosstalk of
our WGA structure would be negligible if d is 1.2 um or
larger. Therefore, we set d to be 1.2 um for the simulation
of the OPA. In this choice of d, the steering range is
limited to ~+33°. For the 3-D FDTD simulation of OPAs,
L, is set at 20 pum, which has shown good accuracy in the
result of top transmittance and FFP in the y direction as

| N channels

“.

d TE-mode source WGA

FIG. 9. The top-view of the simulated OPA structure is
schematically shown. The OPA consists of uniformly spaced
identical WGAs. Here, the number of WGAs and the spacing
between WGAs are denoted as N and d, respectively. The
TE-mode sources are launched at the input waveguide of
WGA:s.
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demonstrated in Section 3. With this L, value, OPAs having
more than 100 channels can be simulated with 3-D FDTD
methods using moderate computational resources.

Figure 10(a) shows the main-lobe FFP in the w direction
for 16, 32, 64, and 128 channel OPAs when the center angle
of the main lobe is 0°. The FFP intensity is normalized to
the peak intensity of the 16-channel OPA. As the number
of OPA channels increases the peak intensity increases and
the FWHM becomes narrower because the total length of
the OPA in the x-direction increases with increasing number
of channels. As shown in Fig. 10(b), the FWHM decreases
from 3.2° to 0.5° as the number of channels increases
from 16 to 128. Similarly to the FWHM in the 6-direction
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FIG. 10. (a) FFP in the y direction around 0° for 16, 32, 64,
and 128 channel OPAs when the center of the main lobe is 0°.
The FFP intensity is normalized to the peak intensity of the
16-channel OPA. (b) FWHM of the main lobe in the
direction as a function of the number of OPA channels. (c)
Relative power and transmission efficiency of the main lobe
as a function of the number of OPA channels.

in Eq. (3), the FWHM in the y-direction is given by

_ 0.8664

V= Ndcos@ )

The simulated FWHM in Fig. 10(b) agrees well with
the theoretical expression in Eq. (5).

Figure 10(c) plots the relative power and transmission
efficiency of the main lobe as a function of the number of
OPA channels. Here, the relative power in the main lobe is
obtained by calculating the power in the main lobe divided
by the total radiated power in the upward direction. The
transmission efficiency of the main lobe is defined as the
ratio of the power in the main lobe to the source power of
the OPA input, which is calculated by multiplying the
directionality of the OPA and the relative power in the
main lobe. The directionality of the OPA can be obtained
from Egs. (1) and (2) using the calculated top transmittance
and the a value. The relative power of the 16-channel
OPA is as high as 0.95 and increases slowly as the number
of channels increases, implying that most of the radiated
power is concentrated in the main lobe. The transmission
efficiency of the main lobe also increases with increasing
number of the OPA. However, the transmission efficiency
is limited to be only ~0.4 because more than half of the
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FIG. 11. (a) Relative FFP intensity of the main lobe in the
direction from -30° to 30° with 5° step for the 128-channel
OPA. (b) Relative FFP intensity of the 1-st order grating lobe
as the main lobe moves from 0 to 30°. The intensity is
normalized to the peak intensity of the main lobe at 0°.
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input power seems to be out-coupled in the direction of
the BOX and Si substrate.

The beam steering characteristics of the 128-channel OPA
are simulated varying the relative phase between adjacent
WGA:s. Figure 11(a) shows the relative FFP intensity of the
main lobe from -30° to 30° with 5° step for the 128-channel
OPA. The intensity was normalized to the peak intensity
of the main lobe at 0°. The envelope of the relative FFP
intensity roughly follows the FFP of a single WGA in Fig.
8(b) for the BOX thickness of 1000 nm. Although the direct
interaction between WGAs of the OPA can be negligible,
the adjacent WGAs can interact indirectly via the reflected
light at the interface of the BOX and Si substrate, which
results in the slight difference in the FFP envelope between
the single WGA and the OPA. Figure 11(b) shows relative
FFP intensity of the 1-st order grating lobe as the main lobe
moves from 0 to 30°. No higher-order grating lobes are
observed when the main lobe exists at 0 and 5°. However,
the lst-order grating lobe begins to appear for the main
lobe angle greater than or equal to 10°.

In Fig. 12(a), the FWHM is plotted as a function of the
steering angle in the y direction. The FWHM increases as
the angle  increases. The theoretical FWHM in Eq. (5) is
also plotted as dotted lines for comparison. The simulated
FWHM is slightly larger than the theoretical one because
Eq. (5) corresponds to the minimum FWHM for a Gaussian
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FIG. 12. (a) FWHM is plotted as a function of the steering
angle in the y direction. Solid and dotted line represents the
FDTD simulation result and the theoretical one, respectively.
(b) Relative power and transmission efficiency of the main
lobe as a function of the steering angle in the y direction.
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beam profile. The FWHM is larger than 0.4°, which may
not be sufficiently narrow to exhibit good spatial resolution.
To decrease the FWHM without sacrificing the steering
range, an even larger number of OPA channels is required
[9, 13].

Figure 12(b) plots the relative power and the transmission
efficiency of the main lobe as a function of the steering
angle in the y direction. As the angle increases, the
relative power and transmission efficiency decrease. In
particular, they decrease abruptly when y is larger than 5°
because an adjacent grating lobe begins to enter the field
of view for the main lobe angle larger than 5°. In Fig.
11(b), it was observed that the peak intensity of the 1-st
order grating lobe for the main lobe angle of 10° was
higher than that for the main lobe angle of 15°, which
resulted in the lower relative power and transmission
efficiency for the main lobe angle at 10° as compared to
the case for the main lobe angle at 15°.

Although the transmission efficiency of the main lobe is
>0.4 when w is 0° and 5°, it decreases below 0.15 when
w is 10° or more due to the appearance of the adjacent
grating lobe. In order to increase the transmission efficiency
of the main lobe, the optimization of the basic WGA
structure as well as the optimization an aperiodic WGA
array can exhibit only a main lobe without higher-order
grating lobes, the optimization of the aperiodic array is
expected to lead to increased transmission efficiency by
minimizing background side-lobe noise [12, 13]. For these
purposes, the FDTD simulation methods presented in this
paper can be advantageously employed.

V. CONCLUSION

In this work, we presented FDTD-based numerical
methods to accurately determine the coupling efficiency
and FFPs of a shallow-etched WGA for OPA applications.
The directionality and FFP in the lateral direction (y
direction) of a WGA with >1-mm in length could be
determined by simulating only a ~20 pm-long WGA with
a 3-D FDTD method. The FFP in the longitudinal direction
(0 direction) was found to be obtained with great accuracy
using a 2-D FDTD method with effective refractive index.
A relatively high directionality of ~0.35 and a narrow
beam divergence of <0.1° was obtained from a WGA with
a 450-nm-thick Si waveguide and ~20-nm etch depth. The
developed FDTD simulation methods were applied for
simulating the beam characteristics of OPAs composed of
a uniformly spaced 1-D WGA array. The FFP in the w
direction and the transmission efficiency of the main
beam were obtained in the OPA structure having up to
128-channel WGAs using 3-D FDTD simulations. The
simulation methods presented in this work are expected to
be advantageously employed for fast design of the OPA
structures with optimum beam steering characteristics for
LIDAR applications.
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