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Abstract
Phased arrays are vital in communication systems and have received significant interest in the field
of optoelectronics and photonics, enabling a wide range of applications such as LiDAR, holography,
and wireless communication. In this work, we present a blazed grating antenna that is optimized to
have upward radiation efficiency as high as 80% with a compact footprint of 3.5µm× 2µm at an
operational wavelength of 1.55µm. Our numerical investigations demonstrate that this antenna in
a 64× 64 phased array configuration is capable of producing desired far-field radiation patterns.
Additionally, our antenna possesses a low side lobe level of−9.7 dB and a negligible reflection
efficiency of under 1%, making it an attractive candidate for integrated optical phased arrays.

1. Introduction

Integrated optical antennas in the transmitting mode are devices that couple localized power into free
propagating radiation in their surrounding medium, where the freely radiating electromagnetic waves
interfere in the far-field [1–5]. These antennas pave the way to numerous integrated photonic systems like
optical phased arrays (OPAs) [6–9], wireless communication [10–12], optical switches [13], coherent
imagers [14], LiDAR [15–17], etc. Such systems are commonly realized using silicon photonic integration,
which is highly compatible with the complementary metal-oxide-semiconductor (CMOS) process, thus
furnishing high-yield, low-cost commercial systems [18–20]. In particular, for OPAs, this has proven to be
extremely beneficial in incorporating a large number of antennas that aid in generating desired far-field
radiation patterns [21]. Conventionally, the performance of an OPA is strongly influenced by the number of
elements and the spacing between them, which control the angular resolution, beamwidth, and periodicity of
the grating lobes. Many of these arrays are implemented as 1-D OPAs, as they can tightly assemble long and
narrow radiators [22–24]. However, such a configuration can perform beam steering solely in one direction
unless used with a highly precise tunable laser [25–27]. On the other hand, 2D OPAs are capable of beam
steering in two directions via phase tuning at the operational wavelength [28]. Nonetheless, they come at the
cost of a limited field of view (FOV), i.e. the grating-lobe-free region for beam steering [21], due to
footprints of the radiating elements being larger than half the optical wavelength. However, it has been
demonstrated that the issue of limited beam steering can be partially mitigated using a sparse array
configuration. Such arrays integrate a large number of elements in an N × N grid in a non-uniform fashion
with minimal inter-element spacing, taking into account the implications of waveguide routing [25].
Although these arrays have a comparatively lower gain for a given chip size, they can significantly reduce the
array’s beamwidth and increase the number of resolvable spots [29]. An alternative approach to address the
problem of beam steering is to employ circularly symmetric array configurations. These structures exploit
the properties of a zero-order Bessel-like intensity distribution in the far-field, implicating a visible region
with no grating lobes [30]. Yet another approach for achieving grating-lobe-free beam steering is to utilize
the principle of co-prime sampling in optical transceiver arrays [31].
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Figure 1. Schematic representation of the 9µm× 9µm unit cell, comprised of three main components, namely a direction
coupler, a phase shifter, and the dielectric antenna. The parameters FPx and FPy indicate the antenna’s footprint along the x- and
y-axis, respectively.

Together, challenges like large FOV, high radiation efficiency, and reduced form factor with compact unit
cells continue to create a surge for devising new radiator designs that can fulfill these requirements [32].
Recently, it has been shown that dielectric horn antennas possess highly directive fields [33–35], while blazed
gratings are capable of near-vertical high radiation efficiency [36–40]. In this work, we report on a compact
blazed grating horn antenna which is optimized for a wavelength of 1.55 µm to produce high upward
radiation efficiency with a broadside emission angle constraint. This is done by performing full-wave
numerical simulations utilizing the finite element method (FEM) together with a hybrid optimization
routine. Our antenna radiates almost 80% of the input optical power in the upward direction with the aid of
blazed gratings. We envision that such antennas can be easily fabricated and efficiently employed in many
current and emerging technologies.

2. Numerical setup

In this work, we optimize the radiation characteristics of an antenna to be employed in a 2D OPA described
in [21], where each unit cell has a size of 9µm× 9µm, as illustrated in figure 1. Every unit cell consists of a
directional coupler (DC), a phase shifter (PS), and an antenna of footprint FPx × FPy in the xy-plane, with
the x-axis representing the direction of wave propagation. The proposed antenna consists of a waveguide-fed
silicon horn antenna (nSi = 3.4) comprising four gratings in a silicon dioxide (nSiO2 = 1.44) environment.
The first grating is a partially etched trapezoidal grating with a U-shape, while the other three gratings are
L-shaped trapezoidal gratings. Figure 2(a) illustrates the schematic of the antenna with an orientation along
the xy-plane. The antenna is excited by the fundamental TE mode at an operating wavelength of 1.55µm.
The full-wave numerical simulations were performed using the FEM solver of CST Microwave Studio [41].
The optimization goal function, the upward efficiency (ηup), can be defined as

ηup =

´ 2π
0

´ π/2
0 Prad (θ,φ)dθdφ

Pin
, (1)

where Prad is the power radiating in the defined computation domain, Pin is the input optical power, θ is the
polar angle, and φ is the azimuthal angle. Therefore, the total upward radiated power is taken into
consideration for the optimization in contrast to the power in the array’s FOV as presented in [32].

The goal function is maximized by utilizing the dimensions of the horn structure, and are thus decision
variables for the problem. The optimal parameters are estimated using a hybrid optimization routine, which
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Figure 2. (a) Schematic representation of the optimized horn antenna, highlighting the parameters used in the optimization. (b)
Values of the design parameters obtained for the optimized antenna. (c) Calculated angular linear directive gain distribution of
the optimized antenna exhibiting a directivity of D= 22 at θ = 8◦. (d) Calculated near-field distribution of the power flow for the
optimized antenna in the xz-plane at y= 0.

includes particle swarm optimization (PSO) followed by the trust region method (TRM). The PSO functions
as a global search mechanism to locate a feasible set of optimal dimensions [42]. These variables are
constrained by the fabrication limitations of standard silicon-on-insulator (SOI) platforms, as described
in [43]. The optimization begins with random initial sets to define the position of the particles in the swarm.
In every iteration, the objective function is evaluated for all particles, where each particle stores the best
position it has visited so far, while also being aware of the current global best position. The best position
refers to a set of dimensions where the objective function is maximized. The update in each particle’s
position is carried out using a velocity vector that propels the particles to new positions in the search space.
This vector depends on the particle’s current position, its best position so far, and the current global best
position. At the end of the search process, the final global best position corresponds to the global maximum
discovered by the optimizer. At this point, the TRM implements a local search within this located subspace.
This search is carried out via the contraction or expansion of the trust region using a set of deterministic step
sizes that are calculated in every iteration. Therefore, the proposed optimization approach performs a
thorough exploration of the search space to obtain a globally optimized solution.

3. Results and discussion

As stated before, the optimization process considers the dimensions of the horn antenna. Along the x-axis,
the different lengths are classified as grating lengths (GLx), offset lengths (OLx), segment lengths (SLx), and
flare length (FL), which is the initial taper length. These parameters along with the horn width (HW), result
in thirteen optimization parameters whose optimal values are shown in figure 2(b). The values in blue
highlight the fixed dimensions of the structure like the width of the feeding waveguide (w), height of the
antenna (h1= 220 nm), and height of the partial etch (h2= 110 nm) in all the gratings. The PSO optimizer
employs a swarm of 40 particles and converges to the global optimum in∼1200 computations, i.e.∼30
iterations. The PSO optimum is further reinforced by a subsequent local search performed with the TRM,
which converges to the same optimum after approximately 900 computations. These calculations were
performed on an “Intel Xeon Gold 6148 CPU @ 2.40GHz” node of 40 cores, which required less than one
minute for each computation. The resulting optimized structure has a compact footprint of 3.5 µm× 2 µm
with a linear directivity of 22, as shown in the calculated linear directive gain distribution in figure 2(c),
centered at θ = 8◦. The antenna demonstrates a low side lobe level of−9.7 dB and an appreciable half power
beamwidth (HPBW) of 18◦ × 56◦. Furthermore, figure 2(d) shows the near-field power distribution in the
xz-plane at y= 0. It becomes evident that along the length of the radiator, the input power constructively
interferes in the upper hemisphere due to the multi-layer up-down asymmetries, while destructive
interference dominates in the lower hemisphere.
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Figure 3. Calculated optical radiation and reflection efficiencies of the optimized antenna as a function of the wavelength.

To get an insight into the broadband behavior of the antenna, the upward and downward radiation
efficiencies, and the reflection efficiency, as functions of the wavelength, are shown in figure 3. The blue and
red curves highlight the upward and downward radiation efficiencies, respectively, while the black curve
illustrates the percentage of power reflected back to the waveguide. As the antenna is optimized for 1.55µm,
it has its best performance at this wavelength and is sensitive to the longer wavelengths thereon. The upward
radiation is higher for shorter wavelengths and reduces drastically for longer wavelengths, which results in an
increased reflection to the waveguide. However, the antenna maintains a consistently low downward
radiation efficiency throughout the operating range. This implies that the antenna design works well in
breaking the up-down symmetry, thus preventing more downward radiation. To lower the reflection
efficiency over a wide range of wavelengths, a sub-wavelength grating (SWG) design approach can also be
incorporated, as demonstrated in [38]. At 1.55µm, the antenna exhibits a high upward radiation efficiency
of approximately 80%, partly influenced by the partial etch in the U-shaped grating, which helps create a
phase difference between the upward and downward propagating radiation [21]. The aperiodic L-shaped
trapezoidal diffraction gratings further strengthen the up-down asymmetry along the entire length of the
structure. This reinforces the constructive interference in the upward direction, and destructive interference
in the downward direction, and consequently, reduces the in-plane propagation (see figure 2(d)).
Furthermore, the antenna has almost no power that is reflected back into the feeding waveguide, thus
making it highly efficient.

In the next step, we employ our optimized antenna in a 2D phased array configuration for which we
consider the 9µm× 9µm unit cell (see figure 1). The optimized antenna already has a size that can easily fit
into this unit cell, and also the benefit of much higher upward radiation efficiency compared to the 51%
from the radiator described in [21]. The field for such an array can be defined as

Earray (θ,φ) = Eantenna (θ,φ) AF(θ,φ) , (2)

where Earray(θ,φ) is the far-field of the OPA, Eantenna(θ,φ) is the far-field of a single antenna, and AF(θ,φ) is
the scalar function representing the array factor. We note that this equation ignores the coupling effects
between the adjacent unit cells unlike the demonstration in [44].

Such arrays can potentially be used in imaging applications, where complex far-field radiation patterns
need to be constructed. Figure 4 illustrates the results of pattern synthesis accomplished by utilizing the
optimized antenna in a uniformly excited 64× 64 array. For pattern synthesis, the Gerchberg–Saxton
algorithm (GSA) [45, 46] utilizes the amplitude of a reference array factor (provided as an image), and unity
input magnitudes to determine the excitation phases required to accurately reconstruct any desired far-field
pattern. The algorithm begins with an inverse Fourier transform of the reference array factor to obtain the
initial near-field magnitude and phase data. In every iteration, the excitation amplitudes obtained by the
inverse Fourier transform are replaced with unity, while retaining the phase data as is. A Fourier transform of
this modified data returns an approximate array factor. The amplitudes of the approximate and reference
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Figure 4. Calculated (a) phase and (b) far-field distribution for generating the ‘UPB’ initials with a 64× 64 phased array
configuration utilizing the optimized antenna with an inter-element spacing of 9µm. The original image used in the process is
shown next to the far-field pattern.

array factors are utilized to calculate the error for a given iteration. Once the error is minimized, the
algorithm is terminated and the iterative process comes to a halt. The generated near-field phase distribution
is used to accurately produce the reference array factor in the far-field. In this work, the initials of the
University of Paderborn ‘UPB’ were used as the reference array factor. The phase distribution generated by
the GSA is shown in figure 4(a), and the associated far-field for the uniformly excited OPA is illustrated in
figure 4(b). The image used for the pattern generation is shown next to the generated far-field. Besides,
figure 4(b) presents 16 grating lobes in the far-field radiation pattern for each direction due to the large
inter-element spacing of 9 µm. This number of interference ordersm can be estimated by

|mλn/d |< 2, (3)

wherem is the largest value that satisfies equation (3), λn is the medium wavelength and d is the size of the
unit cell. As an idealized half-wavelength spacing cannot be achieved in the given 2D OPA configuration,
these grating lobes are inevitable. The far-field pattern also reveals a bright region along the horizontal
direction, which can be attributed to the large HPBW of 56◦ from each antenna. This large beamwidth is
particularly desirable for array configurations that demonstrate beam steering in a range only limited by the
FOV of the radiating element [30]. Finally, we would like to note here that our calculations based on
equation (2) ignore the mutual coupling effects between the adjacent unit cells. We assumed that the
coupling effects are negligible for such a large unit cell of 9µm× 9µm size that is∼ (5.8λ)2. To verify this
assumption, we evaluated the near-field power radiated upwards for several infinite 2D arrays consisting of a
unit cell of a different size ranging from 4.5µm× 4.5µm to 9µm× 9µm. This is done by applying periodic
boundary conditions on the unit cells in the x- and y-directions. Our results (not shown here) reveal that the
upward radiated power remains nearly the same for all configurations for a wavelength range of
1.45–1.65µm. Therefore, the product of the scalar array factor and the radiating element’s far-field pattern is
a reasonable method for estimating the far-field pattern of our OPA.

The large unit cell size of 9 µm constrains the FOV of the array, which in turn limits the angular range for
beam steering to approximately 6.8◦ × 6.8◦. We illustrate the possibility of steering the beam for which we
use an 8× 8 OPA that provides better visualization of the steering effect, as seen in figure 5. The far-field
patterns are limited to an angular range of θ = 20◦ to highlight the shifting positions of the main beam.
Figure 5(a) demonstrates the phase distribution and far-field pattern for the array when no phase input is
applied to the OPA. This serves as the reference for observing the beam steering effect. Alternating the phase
with zero and π along the rows or columns, as shown in figures 5(b) and (c), steers the beam along the
vertical or horizontal directions, respectively. Similarly, alternating the phase inputs along the rows and
columns with zero and π results in the beam being steered diagonally, as shown in figure 5(d). Furthermore,
one can also provide phase distributions that split the main beam or move it in an arbitrary direction in the
FOV of the array.

Finally, table 1 compares our results with the simulation results of other antennas used specifically in the
context of 2D OPA configurations. Our proposed antenna has the smallest footprint and highest efficiency,
with a relatively low angle of emission. We accomplish an overall size reduction of 28% and 49% in
comparison to the footprints reported in [21] and [38], respectively. Also, an efficiency improvement of 9%
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Figure 5. Demonstration of beam steering with an 8× 8 array configuration of the optimized antenna. (a) Phase distribution and
simulated linear far-field radiation pattern of a uniform phased array. (b)–(d) Phase distribution and the simulated linear far-field
radiation pattern for the main-lobe to be shifted (b) vertically, (c) horizontally, and (d) diagonally.

Table 1. Comparison of characteristics of different antennas.

Design Footprint ηup θ ∼ S11
Numerical
method Fabricated

sun et al [21] 3.5µm× 2.8µm 51% 15◦ −13 dB FDTD Yes
Fatemi et al [25] 5µm× 2µm 51% 7.4◦ unknown unknown Yes
Benedikovič et al [38] 5.5µm× 2.5µm 71% 6◦ −20 dB FDTD No
Fatemi et al [6] 5.1µm× 2µm 35% 9◦ unknown unknown No
This work 3.5µm× 2µm 80% 8◦ −26 dB FEM No

and 45% is achieved when compared to the radiators from [38] and [6], respectively. An additional useful
metric for comparison is the power reflected back to the waveguide segment, which can be measured using
the S11 parameter. At 1.55µm, [38] and [21] report S11 values of approximately−20 dB (1%) and−13 dB
(5%). Our proposed structure possesses an S11 of−26 dB (0.25%), which is a quarter of the acceptable
reflected power for many phased array systems [6]. Therefore, we anticipate that any OPA system can operate
undisturbed with such a radiating element.

4. Conclusion

We present the design and optimization of a compact horn-shaped blazed grating antenna that utilizes a
heterogeneous grating configuration consisting of a U-shaped grating and L-shaped gratings. The use of a
FEM solver in conjunction with a hybrid optimization routine reveals a structure with nearly 80% upward
radiation efficiency, an appreciable HPBW of 18◦ × 56◦, and negligible reflected power. The proposed
antenna is suitable for standard 2D OPAs utilized for pattern synthesis and beamforming, including
architectures that introduce the prospect of increasing the grating-lobe-free beam steering range using a large
HPBW. Overall, the given antenna design meets fabrication-imposed constraints of standard 220 nm
SOI-CMOS platforms and opens up the possibility of fabricating highly efficient OPA systems with desirable
radiation characteristics. To our knowledge, the current work presents a radiating element with the highest
upward radiation efficiency with the smallest footprint applicable for direct use in 2D OPAs.

Data availability statement

The data that support the findings of this study are openly available at the following URL/DOI: https://doi.
org/10.5281/zenodo.7966024.
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