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Abstract: We consider the impact of spatially correlated geometric variations on splitter-
tree-based integrated optical phased arrays. These variations can substantially affect the
emitted beam. Our analysis is shown to be consistent with experimental results. © 2023
The Author(s)

1. Introduction

Several studies [1–4] in recent years have explored manufacturing process variations and their impact on integrated
photonics, for the goal of achieving high yield and performance of photonic circuits. However, while a relatively
wide range of process variation types have been covered, most of the studies are still limited to single photonic
components or small-scale photonic circuits.

Integrated optical phased arrays (OPAs) are an emerging class of photonic systems that enable manipulation and
dynamic control of free-space light in a compact form factor, at low costs, and in a non-mechanical way [5–9].
However, as large-scale photonic circuits spanning across millimeters and consisting of hundreds or thousands of
device components, these integrated phased arrays can be highly susceptible to various types of process variations.
It is desirable to study the impact of process variations on phased arrays so that we can obtain more robust designs
that achieve high performance given actual manufacturing limitations.

In this work, we study the impact of spatial variation – specifically, the variations in waveguide thickness or
width across the wafer arising from deposition and etching processes. We aim to identify the behavior and mech-
anism by which these spatial variations affect the shape of the beam emitted from the phased array. Specifically,
we focus on phased arrays based on a splitter-tree architecture [8, 9].

2. Splitter-Tree Architecture and Sources of Variation

As shown in Fig. 1(a), a splitter-tree-based phased array consists of a splitter-tree structure that distributes input
power equally to each antenna row, phase modulators that control the beam steering, and antenna rows with
periodic perturbations [8, 9]. Here, we focus on the case with no active beam steering, and ignore the effect
from phase modulators. The potential impact of fabrication variations can be broken into four components: phase
variation at the waveguides of the splitter-tree structure, amplitude imbalance of the splitters, phase variation at
the antennas, and amplitude variation along the antenna perturbations.

The spatial variation due to fabrication variations can be modeled as zero-mean spatially correlated random
Gaussian noise with covariance cov[ζ (x,y),ζ (x′,y′)] = A2 exp

[
− (x−x′)2+(y−y′)2

L2
c

]
, where ζ (x,y) is the thickness

or width variation at location (x,y), and amplitude A and correlation length Lc are the parameters that control the
magnitude and length scale of the Gaussian noise. Typically, Lc is much longer than the length scale of the phased
array [3]; therefore, the distribution of the variation can be approximated as ζ (x,y) = gxx+gyy+ζ0, with gx,gy ∼
N (0, A2/2L2

c) being normally distributed random variables representing the gradient of the geometric variation
(thickness or width) in the two dimensions. For spatial variation with very long correlation length, simulation
results show that the amplitude imbalance of the splitters and the amplitude variation at the antenna perturbations
are both insignificant compared to the effect of phase variation. Therefore, we only focus on the phase variation
in our analysis.

We start by simulating the phase variation and the resulting beam shape of a silicon phased array having nine
sequential splitter layers, 512 antennas, an antenna pitch of 2 µm, and a design wavelength of 1550 nm, and
consider different values of gx and gy in the waveguide width variation. For the visualization, we center the beam
shape at the peak of the mainlobe, and normalize the angles separately along the two dimensions so that the width
of the mainlobe is the same along the array and antenna dimensions. When variation along the x-axis is applied
(gx), no significant impact on the emitted beam pattern is observed, as shown in Fig. 1(b). On the other hand,
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Fig. 1. (a) Simplified top-view schematic of a splitter-tree-based phased array with two splitter lay-
ers. The emitted beam shape in the array dimension (blue) and antenna dimension (orange) when
applying a width variation spatial gradient of 0.5 nm/mm along the (b) x-axis and (c) y-axis. (d) The
emitted beam shape along the array dimension when applying variation to both the splitter tree and
the antennas (blue) versus only the splitter tree (orange). The 2D intensity distribution of the emitted
beam (e) of the nominal case, when applying the variation to (f) only the splitter tree and (g) only
the antennas. (d,f-g) apply the same variation as in (c).

when variation along the y-axis is applied (gy), the emitted beam pattern in the array dimension is significantly
impacted; there is an increase in the sidelobe level (SLL) on one side of the mainlobe, as shown in Fig. 1(c).

We can also separate the effect due to variations in the splitter-tree section versus variations along the antennas
by applying the spatial variation only to certain parts of the phased array structure. As shown in Fig. 1(d), the
variation in the splitter-tree structure dominates the impact on the beam shape along the array dimension. However,
the effect of the variation along the antenna rows cannot be ignored when looking at the 2D distribution of the
beam profile, as shown in Fig. 1(e-g).

3. Phase Variation Pattern Due to Thickness and Width Variations

Since we identified that the dominant sensitivity is due to the phase change in the splitter-tree structure, we can
describe the effect of the spatial variation by the phase variations pi at the beginning of each antenna row i (shown
in Fig 1(a)). We can show that pi = gy fi +C1i+C0, where the phase variation pattern fi only depends on the
design of the splitter tree, the type of variation (thickness or width), and the material. The additional linear term
C1i+C0 can only change the location of the lobes; thus the pattern fi determines the effect on the beam shape.

We show in Fig. 2(a) the phase variation pattern fi for the thickness and width variation on a silicon phased array
with nine splitter layers and an antenna pitch of 2 µm. Notably, the pattern has the same behavior for thickness and
width variation, with a difference of approximately just a scaling factor. This is because the pattern is dominated
by the phase change of the routing waveguides with identical specifications, and different types of geometric
variation all affect the phase by perturbing the effective index of the waveguide mode.

With these discussions, it is sufficient that we only focus on the analysis of one type of variation (e.g., the
thickness variation) in the following discussion, since the other types will only differ by a scaling factor.

4. Effect of the Splitter-Tree Architecture Parameters on Variations

The phase variation pattern fi shown in Fig. 2(a) is dominated by the sharp jump at the center, which is the phase
difference between the middle two antenna rows. This phase jump is also the dominant factor for the increase in
SLL. Intuitively, splitter trees with more layers (and hence longer paths) or larger antenna pitch (and hence greater
difference in variation) will increase this phase jump, and thus result in a larger impact on SLL. This is validated
by the simulation results of various phased array designs with different numbers of splitter layers (L) and antenna
pitches (P), as shown in Fig. 2(b).
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Fig. 2. (a) The phase variation pattern fi of the thickness (blue) and width (orange, scaled) variation
on the example phased array. (b) The predicted increase in sidelobe level (SLL) of different splitter-
tree architectures when applying thickness variation gradient of gy = 1 nm/mm. (c) Experimentally
measured data of phased arrays with various architecture properties showing the emitted beam in-
tensity along the array dimension.

5. Validation through Experimental Results

Next, we validate our theoretical findings by experimentally measuring the output far-field beam profiles for multi-
ple splitter-tree-based integrated optical phased arrays. The phased arrays were fabricated in a CMOS-compatible
300-mm wafer-scale silicon-photonics process at the State University of New York Polytechnic Institute’s (SUNY
Poly) Albany NanoTech Complex [8, 9].

Experimental results showing the emitted far-field beam profiles for phased arrays with different numbers of
layers and antenna pitches are shown in Fig. 2(c). As expected, the emitted patterns have asymmetric sidelobes
and an increase in SLL with respect to the nominal simulated case. Notably, the increase in SLL with respect to
layer number and antenna pitch roughly follows the same trend as shown in our variation simulations. However,
compared to the simulation results where the sidelobe on one side of the main lobe is always lower than the nom-
inal value, we observe that the sidelobe peaks are higher than the nominal value on both sides in the measurement
result, which indicates the impact of other process variations (e.g., a pattern density effect).

6. Conclusions

We evaluate the impact of spatial waveguide geometric variations on splitter-tree-based integrated optical phased
arrays, and show that such variations cause increased sidelobe levels along the array dimension primarily by
affecting the phase distributions in the splitter tree. We show how varying the number of splitter layers and antenna
pitch affects the sidelobe suppression, and confirm these theoretical findings by observing a similar trend in actual
experimental measurements. These results can be used as a guideline for phased array designs in the future, and
the phase variation pattern fi can be useful for fast calibration of active phased arrays.
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