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ABSTRACT

Silicon photonic devices are essential components of integrated

optical communication systems and emerging photonic processors.

However, their performance is notably impacted by fabrication-

process variations (FPVs), which primarily stem from optical lithog-

raphy imperfections. The impact of FPVs can accumulate and dete-

riorate the system-level performance through, for example, increas-

ing system power consumption, accumulated crosstalk noise, and

degrading signal integrity in photonic systems. In this paper, we dis-

cuss the promise of variation-aware design-space exploration and

optimization to enhance photonic device robustness under different

FPVs while considering two silicon photonic devices used widely

in different applications, namely Microring Resonators (MRRs) and

Mach–Zehnder Interferometers (MZIs). In addition, we consider a

system-level case study of an MZI-based coherent neural network,

where we show how our proposed variation-aware design opti-

mization at the device level helps improve the network accuracy

by up to 88% under FPVs.
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1 INTRODUCTION

Silicon photonic integrated circuits (PICs) have been deployed

across a wide range of applications, from realizing ultra-fast com-

munication for Datacom applications to energy-efficient optical

computation in emerging hardware accelerators for deep learning

[1–8]. Leveraging CMOS manufacturing technology and a high

refractive index contrast in silicon-on-insulator (SOI) substrates,
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silicon photonics (SiPh) enables the implementation of compact

and densely integrated waveguides. This allows for strong light

confinement and high-density integration which makes SiPh a

scalable and cost-effective platform for advanced applications [9].

These features have driven PIC adoption in diverse applications,

including data centers, high-performance computing, and quantum

computing, addressing the need for low-latency, high-bandwidth,

and energy-efficient communication and computation.

Despite the great promise of PICs for high-performance com-

puting and communication systems, they are extremely sensitive

to fabrication-process variations (FPVs). FPVs originate in optical-

lithography process imperfections [10] which contribute to the

deviation of the nominal device’s design parameters (e.g., waveg-

uide width and SOI thickness). These variations affect device- and

system-level performance and will be accumulated as we scale up

the system. For instance, in Microring Resonators (MRRs), even a

1-nm variation in waveguide thickness can lead to an approximate

2-nm shift in the device resonant wavelength [11]. This resonance

shift leads to significant performance deterioration in applications

like Dense-Wavelength-Division-Multiplexing (DWDM) systems,

where precise alignment of each MRR’s central wavelength is es-

sential for reliable communication. Similarly, Mach–Zehnder Inter-

ferometers (MZIs) are sensitive to FPVs, as variations in waveguide

dimensions (e.g., waveguide width and SOI thickness) can introduce

phase errors and change the MZI’s optical frequency response. For

example, in MZI-based neural networks, these phase errors can

reduce the network inference accuracy to below 10% [12], while

in MZI-based switching networks, FPVs can cause a significant

increase in accumulated crosstalk, degrading signal quality and

integrity across the system [13].

To mitigate the impact of FPVs on SiPh devices’ performance,

both post-fabrication and design-time optimization can be em-

ployed [11, 12]. While post-fabrication methods, like waveguide

refractive index tuning and active tuning (thermo-optic and electro-

optic [14]), can compensate for FPVs, they often increase the com-

plexity and power consumption of the system. In contrast, design-

time optimization solutions can help improve device reliability

under FPVs prior to fabrication, hence reducing post-fabrication

and active tuning costs. Design-time optimization aims at reducing

the sensitivity of SiPh devices to FPVs by exploring and optimizing

characteristics such as waveguide dimensions and devices’ layout.

Additionally, leveraging design automation tools facilitates sys-

tematic exploration of various parameters, accelerates the design

process, and enables engineers to efficiently identify configurations

that minimize sensitivity of SiPh devices to FPVs. This results in

a more robust SiPh performance and significant reduction in the

energy consumption of the PICs once they are fabricated.
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Previous studies have explored how FPVs affect SiPh devices

across different scales, including within-die, die-to-die, and wafer-

to-wafer variations. For instance, [15] studied FPVs in MRRs with

identical designs, showcasing within-die and within-wafer wave-

length variances of 0.5 and 2 nm, respectively. Similarly, [16] an-

alyzed over 500 four-channel MRRs fabricated in a commercial

foundry, highlighting the difficulty in controlling resonant wave-

lengths across wafers and even within individual dies. Furthermore,

[17] demonstrated the effectiveness of variability modeling to en-

hance circuit robustness by analyzing Mach—Zehnder lattice filters

under waveguide width and SOI thickness variations, showing that

optimized layouts could improve fabrication yield. Additional ef-

forts have focused on modeling and improving MRRs under FPVs.

For example, [18] designed an MRR modulator using multi-mode

waveguides to improve resonant wavelength stability. Also, [19]

utilized adiabatic rings to achieve MRRs with high Q-factors, al-

though these designs faced limitations due to small radii and high

optical losses. In summary, prior work has paid minimal attention

to comprehensive design-time modeling and optimization of SiPh

devices under FPVs, thereby focusing on the experimental design

and characterization of the devices considered in the papers. Also,

existing design-time solutions for mitigating FPVs in SiPh devices

are often dependent on the specialized insights of expert designers.

A major challenge lies in developing an automated optimization

framework that can enhance device performance under FPVs.

In this paper, we present a comprehensive summary of our

previous work on design-space exploration and optimization for

fabrication-variation-resilient SiPh devices, addressing aforemen-

tioned limitations in SiPh MRRs and MZIs under FPVs. The rest of

the paper is organized as follows. Section 2 discusses the impact

of FPVs on the strip-waveguide-based MRRs and MZIs, and then

summarizes our design optimization solutions for MRRs and MZIs

under FPVs, along with simulation results. Section 3 highlights the

enhancement of inference accuracy in optimized-MZI-based neural

networks under FPVs. Finally, Section 4 discusses the conclusion.

2 VARIATION-AWARE AND ROBUST SILICON
PHOTONIC DEVICES UNDER FPVS

As shown in Fig. 1, waveguides in SiPh devices (e.g., MRRs and

MZIs) have three critical dimensions: waveguide width (𝑤 ), SOI
thickness (𝑡 ), and slab thickness (ℎ). The effective refractive index
(𝑛𝑒 𝑓 𝑓 ) determines the group velocity of the light propagating in the
waveguide and is a function of the waveguides critical dimensions.

As the critical dimension of the waveguide undergoes FPVs, the

effective refractive index also changes and this leads to performance

variations of the implemented SiPh devices.

Waveguide designs that are often used in SiPh devices are either

strip or ridge (see Fig. 1). A strip waveguide is a special case of a

ridge waveguide when ℎ = 0. The rate of changes in the effective
index (𝑛𝑒 𝑓 𝑓 ) of a strip waveguide with 𝑡 = 220 nm and when the

waveguide width changes from 350 nm to 1200 nm is depicted in

Fig. 1(a). Also, Fig. 1(b) shows the rate of changes in the effective

index of a ridge waveguide with 𝑡 = 220 nm with a slab thickness

(ℎ) of 90 nm and when the waveguide width changes from 350 nm

to 1200 nm. Note that while the waveguide width can be changed
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Figure 1: Rate of changes in the waveguide effective index

(𝑛𝑒 𝑓 𝑓 ) w.r.t. the design parameters (𝑋 ) under FPVs in a (a)
strip and a (b) ridge waveguide, when the waveguide width

(𝑤 ) increases from 350 to 1200 nm (x-axis). Results are for

𝑡 = 220 nm and ℎ = 90 nm (for the ridge waveguide in (b)).

during the design time, the SOI thickness cannot be changed as this

parameter is enforced by the SOI thickness on the host wafer.

Fig. 1 shows that as the waveguide width increases,
𝜕𝑛𝑒𝑓 𝑓
𝜕𝑤 signif-

icantly decreases. This is because as the waveguide width increases,

a bigger portion of the optical mode is confined in the waveguide

core (and the confinement is also stronger), and hence the vari-

ations in the waveguide width will create less distortion in the

optical mode in the waveguide. However, as the waveguide width

increases,
𝜕𝑛𝑒𝑓 𝑓
𝜕𝑡 remains almost the same in the strip waveguide

while it increases in the ridge waveguide. Fig. 1(b) shows that com-

pared to the strip waveguide, both
𝜕𝑛𝑒𝑓 𝑓
𝜕𝑤 and

𝜕𝑛𝑒𝑓 𝑓
𝜕𝑡 are smaller in

the ridge waveguide. Moreover, both
𝜕𝑛𝑒𝑓 𝑓
𝜕𝑤 and

𝜕𝑛𝑒𝑓 𝑓
𝜕ℎ decrease as

the waveguide width increases in the ridge waveguide. Consider-

ing the results in Fig. 1, increasing the waveguide width can help

reduce 𝑛𝑒 𝑓 𝑓 sensitivity to different variations. As we will show in

the rest of this section, we will use this design feature to improve

FPV-tolerance in MRRs and MZIs. Note that in this paper we only

focus on strip-waveguide-based MRRs and MZIs.

2.1 Design exploration and optimization of
FPV-tolerant silicon photonic MRRs

In MRRs depicted in Fig. 2(a), achieving robust performance under

inevitable FPVs is critical, especially for most applications in which

a precise alignment of theMRRs’ resonance peaks is essential. A key

determinant of this variation tolerance is the resonant wavelength

(𝜆𝑟 ) uniformity.
𝜆𝑟 is the specific wavelength at which the MRR resonates, and

its sensitivity to FPVs can significantly impact device performance.

To enable effective design exploration, it is essential to understand

different factors affecting 𝜆𝑟 . To start, 𝜆𝑟 can be expressed as:

𝜆𝑟 =
2𝜋𝑅𝑛eff

𝑚
, (1)

where 𝑅 is the radius of the MRR and𝑚 is the integer that denotes

the order of the resonance mode. This resonance phenomenon

occurs when the optical path length of the ring matches an integer

multiple of the incident light’s wavelength, leading to a constructive

interference within the ring, and hence the resonance. An optical
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response of an MRR is depicted in Fig. 2(b) as an example. Any

deviation in 𝜆𝑟 can be referred to as a resonance wavelength shift
(Δ𝜆𝑟 ), which quantifies the total deviation of 𝜆𝑟 from its original

design point and can be written as:

Δ𝜆𝑟 =
2𝜋𝑅Δ𝑛eff

𝑚
. (2)

Hence, minimizing the effect of Δ𝑛eff can help improve MRR’s

tolerance to FPVs. Since waveguide design parameters and their

corresponding variations directly affect 𝑛eff and the overall MRR
performance, we utilize the total resonant wavelength shift𝑇Δ𝜆𝑟 as
a key metric to evaluate the combined impact of these variations

on the MRR’s resonant wavelength:

𝑇Δ𝜆𝑟 =
𝜕𝜆𝑟
𝜕𝑤

𝜎𝑤 +
𝜕𝜆𝑟
𝜕𝑡

𝜎𝑡 +
𝜕𝜆𝑟
𝜕𝑅

𝜎𝑅 . (3)

Here, 𝜕𝜆𝑟
𝜕𝑤,𝑡,𝑅 captures the sensitivity of 𝜆𝑟 to changes in MRR’s

waveguide width (assuming 𝑤𝑟 = 𝑤𝑤 = 𝑤 ; see Fig. 2(a)), SOI
thickness (𝑡 ), and MRR radius (𝑅), respectively. The standard devia-
tions 𝜎𝑤,𝑡,𝑅 can be determined by characterizing variations through

different fabrications or obtained from a SiPh foundry [12].

Understanding𝑇Δ𝜆𝑟 in anMRR is a crucial step towards variation-
aware design-space exploration and optimization because it helps

us understand the effect of FPVs on otherMRR performancemetrics,

such as the Q-factor—a parameter that quantifies the sharpness of

the resonance, indicating how well the MRR can store energy at

a specific wavelength—or the MRR 3-dB bandwidth. A design ex-

ploration for MRRs can be conducted by sweeping all the available

device parameters such as the waveguide widths (𝑤𝑟 and𝑤𝑤 ), ring

radius (𝑅), and coupling gap (𝑔𝑟 ) as depicted in Fig. 2(a). These de-
vice parameters can then be used to calculate performance metrics

such as the Q-factor, extinction ratio (ER), 3-dB bandwidth, and

cross-over coupling (𝜅), which is the fraction of power coupled be-
tween two waveguides in proximity. Such performance parameters

can then be fine-tuned and optimized based on metrics that are

necessary for a particular application by considering design regions

that satisfy different performance requirements, as shown in the

example in Fig. 3(a). Here, our objective is to optimize the MRR

design to minimize 𝑇Δ𝜆𝑟 while maintaining acceptable values for
other key performance metrics, such as Q-factor, ER, and 3-dB band-

width. To achieve this, we conducted a comprehensive design-space

exploration by systematically varying critical MRR design parame-

ters, including input waveguide width, ring waveguide width, ring

radius, and the coupling gap. This exploration involves identifying

acceptable ranges for each parameter based on desired performance

criteria. As depicted in Fig. 3(a), the grey shaded region represents

the overlap of all the acceptable regions, indicating design configu-

rations that satisfy the desired performance constraints (considered

as an example here). Through such an analysis we can determine an

optimized MRR design that effectively balances resonance tolerance

with other key performance metrics. The specific parameters for

this optimized MRR are provided in the box in Fig. 3(a).

The work in [20] presented a FPV-tolerant MRR layout with a

superior performance compared to conventional MRRs. The design

presented in [20] leads to significant reduction in the resonance

wavelength shift due to FPVs as well as significant enhancements in

theMRR’s ER and Q-factor bymaking the ring design adiabatic with
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Figure 2: (a) Schematic of (a) a conventional MRR and its

design parameters, and (b) an optimized MRR and its design

parameters. (c) An example of an MRR’s optical spectrum.

Schematic of (d) a conventional MZI and its design parame-

ters, and (e) an optimized MZI and its design parameters. An

example of an MZI’s optical response.

a non-uniform width along the ring region, by gradually increas-

ing it from 𝑤 to 𝑤 ′, as it is shown schematically in Fig. 2(c). The

experimental validation results for such an adiabatic design is de-

picted in Fig. 3(b)–(d). To validate the effectiveness of our proposed

optimization strategy, we fabricated both a conventional MRR and

an optimized adiabatic MRR based on the parameters identified

through our design optimization process (see Fig. 3(a)). A compara-

tive analysis of these fabricated devices revealed that the optimized

adiabatic MRR demonstrated a through- and drop-port response

up to 70% closer to the ideal response at 1546.3 nm compared to

the conventional MRR (ideal response at 1550.3 nm), as depicted

in Figs. 3(c) and 3(d) for conventional and optimized MRRs, respec-

tively. This improvement highlights the significant enhancement

in tolerance to FPVs achieved through our optimization approach.

The performance advantage of the optimized adiabatic MRR is

further quantified across multiple metrics in Table 1, providing

more evidence for the effectiveness of our proposed optimization

in designing MRRs with enhanced resilience to FPVs.

2.2 FPV-Aware Layout and Design Optimization
of Silicon Photonic MZIs

An MZI (depicted in Fig. 2(d)) has a sinusoidal optical response

as a function of wavelength, with constructive and destructive

interference at its two outputs depending on the phase shift applied
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Figure 3: (a) Optimizing MRR design parameters to minimize the impact of Δ𝜆𝑟 while simultaneously considering other key
performance metrics. By exploring various MRR design parameters, such as input and ring waveguide width, coupling gap, and

ring radius, optimal performance parameters can be identified to enhance tolerance to FPVs. (b) SEM image of our fabricated

conventional and optimized MRRs. (c) and (d) depict the measured transmission spectra of conventional and optimized MRRs,

respectively, showcasing the improvement in performance achieved through the optimization process.

Table 1: Characterized MRR device performance (Avg.: Av-

erage, SD: Standard deviation, 𝜆𝑟 : Resonant wavelength, ER:
Extinction ratio).

MRR1 (Conventional) MRR2 (Adiabatic)

Through Drop Through Drop

Avg. 𝜆𝑟 1552.8 nm 1546.1 nm

SD 𝜆𝑟 (∝ Δ𝜆𝑟 ) 1.3 nm 0.5 nm

Avg. Q-factor 3567 590 10067 790

Avg. ER 27.7 dB 12.8 dB 25 dB 21.8 dB

𝜎𝜆𝑟 /FSR 0.15 0.06

to the device as it is depicted in Fig. 2(e). The optical response of

an MZI can be calculated as follows [17]:

𝑚𝜆 = 𝑛𝑒 𝑓 𝑓 Δ𝐿, (4)

where Δ𝐿 is the length difference between the two arms of an MZI
(|𝐿1 − 𝐿2 |; see Fig. 2(d)) and𝑚 is an integer number that denotes

the Interference order. MZIs are sensitive to FPVs which leads

to deviation of their optical response from the nominal value by

imposing undesired and nonidentical phase changes on the MZI

arms. The sensitivity to waveguide dimension variations can be

written as [17, 21]:

𝜕𝜆

𝜕𝑋
=

𝜆

𝑛𝑔

𝜕𝑛𝑒 𝑓 𝑓

𝜕𝑋
, (5)

where 𝜕𝑛𝑒 𝑓 𝑓 shows the changes in the effective index of the MZI
waveguide. Also, 𝑋 can be any waveguide critical dimension such

as the waveguide width (𝑤 ) or the SOI thickness (𝑡 ).
In [22, 23], we proposed a two-stage optimization framework

to increase MZI resilience under FPVs. The main objective of our

optimization problem is to minimize the phase noise difference

between the MZI arms, based on Δ𝜙𝑁 =
�
�
�𝐿1

𝜕𝑛𝑒𝑓 𝑓1
𝜕𝑋 − 𝐿2

𝜕𝑛𝑒𝑓 𝑓2
𝜕𝑋

�
�
�.

To address this optimization problem, which is mathematically

formulated in [22, 23], we developed an automated layout optimiza-

tion framework which takes as inputs the desired footprint and

geometrical constraints such as maximum and minimum values for

radius, gap between the two arms, and length difference between

MZI arms. The objective of this optimization problem is minimiz-

ing the gap between the two arms (𝑔𝑧 ; see Fig. 2(f)) which is the
first step that is needed to be taken in modifying the MZI layout

from Fig. 2(d) to Fig. 2(f) which makes the arms closer together. By

minimizing 𝑔𝑧 as much as possible, the arms’ waveguides experi-
ence more similar variations. As a results, Δ𝜙𝑁 can be minimized.

Leveraging an exhaustive search approach we found the optimized

layout configuration while meeting all specified constraints.

In the second stage of the optimization framework, specific de-

sign parameters, such as waveguide width, need to be optimized to

further reduce sensitivity to FPVs and further minimize Δ𝜙𝑁 . Note

that Δ𝜙𝑁 can be minimized if the condition of 𝐿1
𝐿2

=
𝜕𝑛𝑒𝑓 𝑓2/𝜕𝑋
𝜕𝑛𝑒𝑓 𝑓1/𝜕𝑋

is

satisfied. Leveraging this condition and Fig. 1(a), if we select the

width of waveguide in both arms carefully, we can achieve an FPV-

tolerant MZI. In addition to optimizing design parameters in the

arms’ waveguide of an MZI, the design parameters in the direc-

tional couplers (DCs) also need to be optimized. As we showed in

[22, 24], we replaced DCs in the MZI with optimized multi-mode

interference (MMI) structures to reduce FPV-induced deviations in

the splitting ratio. Our MMI-based beam splitters are designed and
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Figure 4: (a) Variation map 1 with 𝜎𝑤 = 5 𝑛𝑚 and 𝜎𝑡 = 2 𝑛𝑚 and variation map 2 with 𝜎𝑤 = 2 𝑛𝑚 and 𝜎𝑡 = 5 𝑛𝑚 where both maps

have correlation length of 0.1 mm (𝑙𝑤 = 𝑙𝑡 = 0.1mm). (b) Monte Carlo simulation results. (c) Response peaks and (d) wavelength
peaks associated with the same transmission group of conventional MZI and optimized MZI under map 1.

Figure 5: Wavelength shift in conventional and optimized

MZIs under map 1 and map 2 with respect to the ideal re-

sponse at 1550 nm.

optimized using a multi-variable simplex optimization algorithm in

Synopsys RSoft, to adjust the length and width to minimize split-

ting ratio deviations under FPVs. Note that our proposed design

requires using tapers to transition between waveguides of different

widths on each arm.

To evaluate the performance of the MZI with optimized design

and layout, we first generated realistic virtual variation wafer maps

based on the method in [11, 25]. Fig. 4(a) shows variation map 1

in which the standard deviation of the width variations is higher

than the standard deviation of SOI thickness variations (𝜎𝑤 > 𝜎𝑡 ),
and variation map 2 in which 𝜎𝑤 < 𝜎𝑡 . Note that correlation length
(𝑙𝑤,𝑡 ) used for both maps is 0.1 mm. The optimized parameters

of the MZI that we obtained are (see Fig. 2(f)): 𝑤1 = 1112 nm,

𝑤2 = 1079 nm, 𝐿1 = 301.5 𝜇m, 𝐿2 = 272.8 𝜇m, 𝑟1 = 10 𝜇m, 𝑟2 = 5 𝜇m,
and 𝑔 = 5 𝜇m. For a conventional MZI we considered𝑤 = 500 nm,
𝐿1 = 301.5 𝜇m, 𝐿2 = 273.1 𝜇m, 𝑟1 = 50 𝜇m, and 𝑟2 = 50 𝜇m.We placed

the conventional and optimized MZIs at 100 random locations on

the variation maps and performed Monte Carlo simulations to

evaluate their performance. We show the results of the Monte

Carlo simulations using map 1, as an example, in Fig. 4(b). Also,

Fig. 4(c) shows the wavelength peaks of conventional and optimized

MZIs’ optical responses. To correctly distinguish between shifts

of wavelength peaks related to the same optical response under

FPVs—especially when the wavelength shift is larger than the free

spectral range (FSR)—we found optical responses belonging to the

same transmission group based on |𝑛𝑔1𝐿1−𝑛𝑔2𝐿2 | = 𝜆2/𝐹𝑆𝑅, where
𝑛𝑔 is the group index [26]. Then, we used K-means clustering based
on analytical models to cluster different responses which belong

to the same transmission group (see Fig. 4(d)). Note that the top

sub-figures in Figs. 4(b)–(d) show the results of the conventional

MZI, while the bottom ones show the results of the optimized MZI.

Fig. 5 shows that the optimized MZI achieves the median (max-

imum) wavelength shift of 1.6 nm (5.8 nm) and 4 nm (14.6 nm)

under map 1 and map 2, respectively. However, these numbers are

13.6 nm (49.3 nm) and 18 nm (49.6 nm) for the conventional MZI.

Therefore, we see a significant reduction in optical response shift

using the optimized MZI compared to the conventional one.

3 SYSTEM-LEVEL CASE STUDY: PHOTONIC
NEURAL NETWORKS UNDER FPVS

Coherent silicon photonic neural networks are a class of photonic

AI accelerators which can be implemented by cascading MZI de-

vices with two integrated phase shifters in a specific order [2]. Such

a network is able to perform unitary matrix-vector multiplication

and accumulation by training the phase values of the phase shifters

in the network. To evaluate the system-level performance of the

proposed optimization framework for silicon photonic MZIs, we

opted to analyze the performance of the MZI-based silicon pho-

tonic neural networks when optimized and conventional MZIs are

used. Note that in this paper, the Clements’ configuration from

[27] is considered as a case study with a total number of
𝑁 (𝑁−1)

2
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Figure 6: (a) Histograms of optical response peaks for conventional and optimized MZI under map 1 and map 2. (b) Schematic

of an example 8×8 MZI-based unitary multiplier. The two designs related to conventional and optimized MZIs are also depicted.

Inferencing accuracy of the network in the presence of excessive phase noise due to variations for optimized and conventional

MZIs when (c) map 1 and (d) map 2 are used.

MZIs in the network, where 𝑁 is the number of inputs/outputs.

Moreover, the inferencing accuracy is used as a figure of merit

to evaluate the quality of the multiplication when optimized and

conventional MZIs are used in the network. To do this, a single

layer Clements unitary multiplier network which can represent

any unitary transformation from input to output was trained on

a linearly Gaussian dataset reported in [28]. Also, Neuroptica was

used for the system-level simulations [2].

The optimized MZI design parameters obtained using our pro-

posed optimization in Section 2.2 [23] are:𝑤1 = 560 nm,𝑤2 = 541 nm,
𝐿1 = 161.4 𝜇m, 𝐿2 = 144.9 𝜇m, 𝑟1 = 10 𝜇m, 𝑟2 = 5 𝜇m, and 𝑔 = 5 𝜇m.
Also, the design parameters that we considered for the conven-

tional MZI are: 𝑤 = 500 nm, 𝐿1 = 161.4 𝜇m, 𝐿2 = 146.2 𝜇m, and
𝑟 = 25 𝜇m. We considered realistic FPVs based on the experimental
fabrication data in [11], and created two correlated virtual FPV

maps with a correlation length of 0.1 mm (as an example) and

different levels of width and SOI thickness variations. Then, we per-

formed a Monte-Carlo analysis by placing the network of different

sized compromising of MZI devices (conventional and optimized)

at 100 different random locations on the FPV maps while consid-

ering nonuniform variations within each device. Next, the phase

noise originated from the random variations were captured. The

histogram distribution of the wavelength peaks related to the opti-

cal response for conventional and optimized MZIs under map 1 and

map 2 are depicted in Fig. 6(a). In addition, Table 2 summarizes and

compares the performance of the conventional and optimized MZIs,

related to Fig. 6(a). Note that the optimized MZI offers reduced

optical-response shifts from the nominal response at 1550 nm.

Next, we trained five unitary multiplier networks with different

scales (𝑁 = 4, 8, 16, 32, and 64) with nominal accuracy of 100%. An

example of an 8×8 unitary multiplier network is shown in Fig. 6(b).

To evaluate the impact of FPVs on the network performance, we

placed the network on a random location on the variation maps,

captured the phase noises on MZI arms, and added the excessive

Table 2: MZI performance under 100 random locations of

variation maps (map 1 and map 2) (Conv.: Conventional,

Opt: Optimized, Avg: Average, SD: standard deviation, 𝜆𝑠ℎ𝑖 𝑓 𝑡 :
Wavelength shift from ideal central wavelength of 1550 nm).

Parameter Map 1 (𝜎𝑤 > 𝜎𝑡 ) Map 2 (𝜎𝑤 < 𝜎𝑡 )

Conv. MZI Opt. MZI Conv. MZI Opt. MZI

Avg. 𝜆𝑠ℎ𝑖 𝑓 𝑡 (nm) 7.8 1.8 7.5 4.5

SD. 𝜆𝑠ℎ𝑖 𝑓 𝑡 (nm) 5.7 1.4 7.6 3.5

noise them to the device trained phases. In Fig. 6(b) we see that the

network accuracy using the conventional MZI for all the network

sizes and onmap 1 is drastically lowwhile using the optimizedMZIs

leads to an inferencing accuracy above 50%. Observe that when the

network is relatively large (e.g., 𝑁 = 64), even the optimized MZIs
lead to accuracy values lower than 20%, highlighting the scalability

limitation of silicon photonic neural networks under phase noises

due to FPVs. Moreover, Fig. 6(c) shows that the inferencing accuracy

using both conventional and optimized MZI is significantly low

on map 2. This is due to the significantly higher SOI thickness

variations on map 2 and the inability of our optimized MZI to

compensate for such variations.

4 CONCLUSION

Alleviating the impact of FPVs is critical to enhance the reliability

and efficiency of PICs. Our study demonstrates that design-time

variation-aware design-space exploration and optimization can

substantially bolster device robustness under inevitable FPVs. Our

optimized MRR designs demonstrated up to 70% reduced wave-

length shift from the ideal response, along with enhanced Q-factor

and extinction ratio. For MZIs, a two-stage optimization minimized

phase noise and sensitivity to FPVs by fine-tuning waveguide di-

mensions, device layout, and implementing variation-tolerant MMI

splitters. When applied to SiPh neural networks, these optimized
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MZIs resulted in a higher inferencing accuracy across different

network sizes under FPVs by up to 88%. However, phase noises

from FPVs remains a scalability challenge for larger photonic neural

networks. The methods and results presented in this paper high-

light the potential of design optimization and automation to enable

high-performance PICs for a wide range of applications.
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