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Abstract—Photonic integrated circuits (PICs) have emerged as a promis-
ing solution for next-generation computing and interconnects, delivering
enhanced performance in bandwidth and energy efficiency compared to
conventional electronics. Previous studies on automatic optical routing have
typically assumed uniform waveguide classes, neglecting the real-world
requirement for multiple waveguide types to enhance performance and
integration density. To address this gap, we propose an adaptive waveguide
routing framework explicitly tailored for PICs that effectively handles
hybrid waveguide classes. Our method starts with a fast initial routing
algorithm that optimizes waveguide paths, considering target net lengths or
length matching constraints among nets, minimizing bends, and ensuring
compatibility with hybrid waveguide usage. We further enhance routing
quality using a mixed integer linear programming (MILP)-based automatic
transition insertion technique, strategically employing different waveguide
types to significantly reduce transmission loss and ensure compliance with
stringent matching constraints. Experimental results show that, compared
to prior approaches, our algorithm reduces total insertion loss by up to
37% on average in target-length routing scenarios, and achieves an average
reduction of 5% in total insertion loss and 14% in maximum loss in multi-
net cases while satisfying all constraints.

I. INTRODUCTION

As Moore’s Law approaches its physical limitations, traditional elec-
tronic interconnects are increasingly challenged to meet the escalating
demands of artificial intelligence (AI) applications. Photonic integrated
circuits (PICs) have emerged as a compelling alternative to traditional
electronic circuits and represent a promising path for sustaining con-
tinued computational progress [1]–[5].

To achieve enhanced performance and integration density, PIC de-
signers intentionally combine multiple classes of waveguides, such as
ridge, rib, or even buried waveguides, each offering specific advantages
in terms of propagation loss, bend tolerance, and layout footprint [6].
The hybrid waveguide layout helps reduce insertion loss and enables
tighter bends in congested regions, thereby improving overall PIC
performance and integration density. Fig. 1 illustrates the cross-sections
and features of three typical waveguides fabricated in the same fabri-
cation cycle through varying etch depths and the transitions between
them. As shown, stronger optical confinement, such as in a ridge
waveguide, enables a smaller bend radius but typically results in higher
propagation loss due to sidewall roughness, whereas shallow-etched
structures exhibit lower loss at the cost of reduced bend tolerance.
Due to the optical fields, effective indices, and mode sizes differ, each
transition between waveguide types introduces its own excess loss and
phase shift, so an adaptive hybrid layout must carefully manage where
and how many such transitions occur.

Independent of waveguide choice, optical routing is governed by a
distinct set of constraints compared to its electrical counterpart, due
to the inherent differences between waveguides and metal wires. In
contrast to electrical interconnects, photonic waveguides must satisfy
stringent geometric constraints, such as minimum bend radius and
spacing requirements, while still allowing waveguide crossings within
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Fig. 1 Illustration of three typical silicon photonic waveguide types,
their characteristics, and the transitions.

the same layer [7]. Beyond geometry, the path-length matching con-
straint is critical wherever coherent interference is exploited, such as
Mach–Zehnder interferometers [8] and ring resonator–based filters [9],
because even sub-micron mismatches translate into appreciable phase
error at near-infrared wavelengths. Complementing phase balance, the
loss matching constraint requires that parallel paths maintain equal
or tightly constrained differential attenuation to preserve amplitude
symmetry and extinction-ratio specifications [10]. Certain subsystems,
such as pulse-reshaping circuits and optical phased-array feeds, also
impose the absolute path-length constraint. These systems often permit
only a few percent deviation from a prescribed effective length to
achieve the desired group-delay profile or timing alignment [11]. These
geometric, length, and loss constraints, along with discrete waveguide
class choices, form the core challenges of constraint-aware routing
with hybrid waveguides. Consequently, it is desirable to develop
unified PIC routing techniques capable of addressing these issues
that minimize total insertion loss while adhering to all complicated
constraints. However, developing such a design flow often demands
considerable expertise and hands-on effort, particularly when addressing
complex layouts and optimizing performance [7], [12].

Recent research has extensively focused on optical routing problems.
Ding et al. [13] developed the first gridless optical routing framework
based on integer linear programming (ILP) for low-power on-chip
optical interconnections. To ensure the correct functionality, Chuang
et al. [14] first considered the matching constraints and developed an
ILP-based optical routing framework that optimizes the total insertion
loss while satisfying all matching constraints. Subsequently, Wu et al.
[15] proposed a fast diffuse-based matching algorithm combined with
an initial routing strategy based on A*, which effectively reduces overall
loss while maintaining compliance with matching constraints.

Notwithstanding the abundant studies, all of the previous work has
typically assumed uniform waveguide classes. However, practical PIC
designs often employ multiple classes of waveguides, each governed
by distinct design rules, which remain relatively underexplored in the
literature. Related efforts exist in other routing domains: Du et al.
[16] proposed a multi-level maze routing algorithm to address analog
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routing scenarios involving nets with variable wire widths. Liu et al.
[17] incorporated a neck mode for differential pairs in PCB routing that
adaptively adjusts line width and spacing to navigate through routing
channels. However, beyond the fundamental differences between optical
and electrical routing noted earlier, these approaches only consider
nets with different predefined widths or spacings, which makes them
inadequate for addressing the adaptive waveguide routing problem in
PIC.

In this paper, we propose the first complete optical routing framework
that effectively handles hybrid waveguide classes, which can minimize
the total insertion loss while satisfying all constraints. Our method
begins with an efficient algorithm for initial routing that optimizes
waveguide paths by considering target net lengths or path length
matching constraints among nets, while also minimizing bends and
avoiding unnecessary short segment fragmentation. This is followed by
an adaptive refinement stage that strategically assigns waveguide types
using a mixed-integer-linear programming (MILP)-based formulation to
reduce total insertion loss while ensuring compliance with key design
constraints.

Our contributions are summarized as follows:

• We propose a complete optical routing framework that minimizes
overall insertion loss by considering multiple types of waveguides
while rigorously satisfying all matching constraints. To the best of
our knowledge, this is the first optical router capable of effectively
handling hybrid waveguide classes.

• We introduce an efficient diffuse-based routing algorithm that
accounts for the target net length while reducing the number of
bends and minimizing the creation of unnecessary short segments.

• We present an MILP-based automatic transition insertion technique
tailored for the optical routing problem with matching constraints.
This formulation further reduces total loss by leveraging the prop-
erties of different waveguide classes while satisfying all matching
constraints.

• Experimental results show that, compared to prior approaches, our
algorithm reduces total insertion loss by up to 37% on average in
target-length routing scenarios, and achieves an average reduction
of 5% in total insertion loss and 14% in maximum loss in multi-
net cases. Additionally, our algorithm delivers a 250× speedup
over [18], completing all designs within seconds while rigorously
satisfying all constraints across all testcases.

II. PRELIMINARIES

In this session, we first give a brief introduction to the photonic design
rules and outline the rules related to adaptive waveguides. Then, we
further introduce the losses used in our work. Finally, we present the
formulation of the adaptive waveguide routing problem.

A. Photonic Design Rules
The routing of PICs requires a set of specific design rules to en-
sure manufacturability and high signal integrity. Specifically, photonic
waveguides demand: (1) minimum spacing to prevent crosstalk, (2)
precise port alignment to ensure low-loss connections. In addition to
these fundamental constraints, resolving our problem necessitates us to
focus on the following three key design rules:

1) Bend Radius
The bend radius is a critical factor in PIC design, particularly
when routing waveguides around corners or obstacles. Unlike
the 90◦ metal wire bends in VLSI, photonic waveguides require
smooth, gradual curves to maintain light confinement and mini-
mize losses. Common bend types include circular, Euler-shaped,
and sine-shaped, while sharp bends with radii smaller than the
recommended minimum are avoided to prevent signal degradation.

RBending Loss

Propagation Loss

Crossing Loss

Waveguide Crossing Optical Waveguide

Transition Loss

Optical Transition

Fig. 2 Illustration of three major sources of loss for optical routing.

The bend radius is affected by factors such as waveguide material,
geometry, and refractive index contrast. For example, with deeper
etching, ridge waveguides allow smaller bend radii, while rib
waveguides require larger radii to avoid large losses.

2) Waveguide Transition
A waveguide transition is a critical component that enables signal
transmission between different types of waveguides. It can enhance
the circuit performance and routability by leveraging the distinct
characteristics of various waveguides, such as bend loss, propaga-
tion loss, and bend radius. However, each transition introduces
insertion loss and occupies additional space. In this paper, the
insertion loss ranges from 0.5 dB to 1.7 dB, and the transition
footprint is approximately 20× 11µm2. Consequently, integrating
hybrid waveguides necessitates considering both the properties and
spacing.

3) Matching Constraints
Matching constraints play a crucial role in signal integrity, as
well-matched circuits are capable of preserving their amplitude,
phase, and timing accuracy, thus ensuring a high signal-to-noise
ratio (SNR). Achieving this requires both length matching and loss
matching. Length matching minimizes delay mismatches between
optical paths, thereby maintaining phase coherence and preventing
functional issues caused by timing misalignment. In contrast, loss
matching ensures a balanced power attenuation, thereby preventing
SNR degradation.

B. Insertion Loss
The total insertion loss Ltotal is primarily determined by four sources:
crossing loss Lcross, bending loss Lbend, propagation loss Lprop, and
transition loss Ltran, as illustrated in Fig. 2. It can be expressed as:

Ltotal = Lcross + Lbend + Lprop + Ltran. (1)

C. Problem Formulation
The constraints-aware adaptive waveguide routing problem can be
formally defined as follows:

Given a netlist, a set of pins, a set of waveguide types, a group
of length-matching nets, a group of loss-matching nets, and the design
rules, route all nets and utilize distinct waveguides to minimize the total
insertion loss such that no design rule is violated, and all the nets within
the length-matching and loss-matching groups satisfy their respective
matching constraints.

III. METHODS

In this section, we first provide an overview of our routing flow and
then introduce the details.

A. Algorithm Overview
Fig. 3 summarizes our algorithm flow, which consists of four stages:
(1) preprocessing, (2) initial routing, (3) automatic transition insertion,
and (4) postprocessing.

During preprocessing, square routing grids are constructed, and the
routing area is partitioned based on obstacle distribution. The initial
routing is then applied to establish preliminary paths, and an efficient
diffuse-based method is applied to transform each single-net route into
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Fig. 3 The overview of our proposed routing flow

a path that meets its target length while minimizing total insertion
loss and ensuring compatibility with automatic transition insertion.
A modified diffuse-based method, adapted from [15] and extended
to consider adaptive waveguide routing, is used to generate length-
matching results with minimal loss across the group of matching nets.
Based on the initial routing result, an MILP formulation is used to
perform automatic transition insertion, minimizing insertion loss while
also satisfying loss-matching constraints among the net groups. Finally,
in the postprocessing stage, the positions of pins and bend points are
refined while considering matching constraints to obtain the actual
physical interconnections.

B. Preprocessing
1) Grid Construction
We adopt a square grid structure for the routing process, with a grid

size determined by the minimum bend radius of the routed waveguide.
Although the distinct available waveguide types exhibit distinct mini-
mum bend radius requirements, we default to the waveguide class with
the smallest minimum bend radius for initial routing. Additionally, the
capacity of each edge is set to only one to avoid the potential crossings
that could occur between actual curved bends in the physical layout.
These design choices maximize routability and ensure that all routes
adhere to fabrication design rules and remain physically realizable
without layout violations.

2) Obstacle-Based Routing Area Partition
Following grid construction, we extract all obstacle boundaries,

including existing circuit components and fixed placement blocks. From
each horizontal and vertical edge of these obstacles, we extend lines
across the layout domain in the respective direction. These extended
lines intersect with the layout’s outer boundary, resulting in a partition-
ing of the routing space into axis-aligned rectangular subregions.

Fig. 4 demonstrates a simple example of our routing area partition:
Fig. 4(a) illustrates an actual routing scenario containing obstacles and
routing paths, while Fig. 4(b) presents the corresponding partitioned
layout. We further classify the separate layout regions into several
categories based on connectivity and boundary enclosure, and mark
them in different colors. Specifically, the red-shaded areas denote
the dead regions, characterized by being enclosed on three sides by
either obstacles or the layout boundary, with only one routing capacity
remaining on the fourth side. Due to limited accessibility, these regions
do not allow bidirectional passage, making detouring through them

Source and Target Points
Optical Waveguide

Way Points
Obstacles

(a)

Dead Region Neck Region

(b)

Fig. 4 Region partition and classification.

impossible and routing infeasible. As a result, they are marked as
unreachable and excluded from routing unless they contain a start or
end terminal. In contrast, the yellow and blue regions depict the neck
regions, whose opposing boundaries are constrained either by layout
edges or by adjacent obstacles. These regions, though partially accessi-
ble, have significantly restricted routing potential because their capacity
for path expansion is inherently limited by surrounding structures.
Within this category, the blue-colored regions represent a particularly
constrained scenario, where the routing capacity on the accessible
side is merely one. This spatial partitioning effectively captures the
structure imposed by obstacles and delineates clear routing corridors.
The strategic utilization of these subregions, particularly their influence
on routing decisions, is elaborated further in the Section III-C1.

C. Constraints-Aware Initial Routing
1) Single-Net Routing Under Target Length Constraints
Absolute path-length constraints commonly occur in practical PIC

designs. Subsystems such as dispersion-engineered delay lines, pulse-
shaping circuits, and optical phased-array feeds typically require the
optical path to remain within a few percent of a specified target length
to ensure precise group-delay characteristics and maintain accurate
timing alignment. To address this challenge, our algorithm implements a
diffusion-based routing method that efficiently satisfies stringent length
constraints. The approach not only minimizes optical insertion loss
by reducing unnecessary bends but also ensures compatibility with
subsequent automatic transition insertions. Our method involves an
initial maze routing connection, followed by a structured detour phase
to achieve target lengths. This process incorporates adaptive strategies
that navigate regions with limited spatial availability, ensuring effective
routing under diverse layout conditions.

Definition and Implementation of Detour Units: A detour unit is
defined as a square or rectangular expansion pattern whose width corre-
sponds to the bend radius requirements specific to different waveguide
classes. As described in Section III-B1, the routing grid is constructed
based on the smallest minimum bend radius among all waveguide types.
The width of each detour unit is defined as a multiple of this minimum
value, rounded up to the nearest integer. For example, waveguides with
minimum bend radii of 10µm, 15µm, and 40µm correspond to detour
units with widths of 1, 2, and 4 grid cells, respectively. The region
covered by a detour unit but not occupied by the detour lines is marked
as a low-priority region, which is reserved and not used in the initial
phase, in order to prevent the formation of early bends with small detour
lengths.

Diffuse-based Routing Strategy: The proposed routing methodol-
ogy begins with an initial connection established between the source
and target points, utilizing a conventional maze routing algorithm [19].
After securing this preliminary route, a detour phase is initiated to
incrementally extend the optical path length to the desired target value.
This detouring phase strategically inserts additional routing segments to
extend the path, while carefully minimizing optical insertion loss and
maintaining compatibility with future automatic transition insertion.

Fig. 5 demonstrates this process in detail. In Step 1, the source and
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Fig. 5 Illustration of the target length routing process.

target points are connected using a conventional maze routing algorithm,
and the source point is selected as the initial candidate for detouring,
as indicated by the shaded red points. At each candidate location, the
algorithm assesses the feasibility of inserting the largest possible detour
unit, carefully ensuring that spatial constraints are not violated and
low-priority areas remain untouched. By prioritizing larger detour units
when sufficient space is available, the algorithm reduces the creation of
short segments, thereby preserving a wider design space for assigning
different waveguide types during the subsequent automatic insertion
stage. Then in Steps 2 and 3, a detour unit with a width of four grids is
inserted at the candidate point. Areas that fall within this detour unit but
are not directly traversed by the detour path are subsequently marked as
low-priority, illustrated by the shaded red regions. After insertion, the
endpoint of the newly placed detour segment automatically becomes the
next candidate point, allowing a continuous and logical path extension
toward the target. By incrementally inserting detour segments along
the routing path, the path naturally follows the outer boundary of the
layout. This ensures that each segment travels the maximum possible
distance before a bend is introduced, which in turn helps minimize
the total number of bends and thus reduces optical loss. Notably, in
Step 4, a potential downward detour is deliberately skipped despite
the availability of space, as it lies within a previously marked low-
priority region. After all primary candidates have been processed, the
algorithm proceeds to revisit these low-priority areas. In Steps 5 and
6, the detouring resumes from the source node again, but given the
reduced available space, the algorithm selects smaller detour units, such
as those two grids in width, to achieve the remaining length extension
while maintaining routing feasibility.

Routing in Constrained Regions: When the routing process enters
highly constrained areas with limited routing capacity, particularly those
with only narrow corridors between obstacles, the standard detour
method introduced before may no longer be sufficient. When the path
encounters the normal neck regions (yellow regions in Fig. 4(b)), the
algorithm will evaluate their spatial extent. If the region connects to
large enough unexplored detour areas, the algorithm will adopt smaller
units to maneuver through these narrow corridors. Note that the dead
region will not be added to these areas. In extremely constrained cases,
as illustrated in Fig. 6, the net encounters the neck regions with only
one routing capacity, and detour units cannot be inserted due to the
minimum required width of two grid cells. In such scenarios, the
algorithm then activates an extended detour mode and allows the path
to loop around the bounding boxes of nearby obstacles to bypass the
narrow region, effectively increasing spatial flexibility and avoiding
local deadlocks.

2) Routing for Matching Net Groups
Accurate optical path length matching constraint is essential in any

scenario where coherent interference is utilized, such as Mach–Zehnder

TTS S
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Fig. 6 Illustration of extended detour mode.
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Fig. 7 Illustration of waveguide interaction near terminals.

interferometers, as even tiny mismatches distort interference and impair
performance. To meet this constraint, we adopt the foundational routing
framework proposed by [15] with modifications tailored to accommo-
date the requirements of automatic transition insertion.

In the initial phase, an A*-based global routing is applied to gen-
erate preliminary routing paths. To support the subsequent automatic
transition insertion, we incorporate a piecewise segment length penalty
ps into the modified A* routing algorithm. The cost function of the A*
can be computed as:

f(x) = c(x) + g(x′) + h(x), (2)

where x′ represents the previous node of x, g(x) represents the current
insertion loss of the path determined by Equation (1), and c(x) is the
cost of the current node, which can be computed as:

c(x) = (1 + ps(l(x)))× (g(x)− g(x′)). (3)

where l is the length of the current segment, measured from the current
point x back to the former bend point; ps(l) is the piece-wise constant
penalty driven by the minimum-bend-radius thresholds:

ps(l) =


P1, 0 < l ≤ R1,

P2, R1 < l ≤ R2,
...
0, l > Rk−1.

(4)

Shorter segments incur the highest constant penalty P1 to preserve
downstream transition flexibility, while longer segments receive pro-
gressively smaller penalties (P2, . . . , Pk−1) or none at all, reflecting
their greater compatibility with diverse waveguide classes. Penalties
remain constant within each interval, as finer granularity does not
influence automatic transition insertion.

Additionally, a terminal proximity penalty Pt is introduced to address
potential crossing concerns near source and destination terminals. Fig. 7
illustrates the necessity of this modification. When two bends from
distinct nets are placed in adjacent grid cells, their tightly confined
curvature suppresses overlap and remains design-rule compliant. Con-
versely, if the straight segment that connects a source or sink runs
parallel and too close to a bend of another net, unintended waveguide
crossings may occur. Therefore, Equation (5) is modified as follows:

c(x) = (1 + pt(x) + ps(l(x)))× (g(x)− g(x′)). (5)
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Fig. 8 Illustration of (a) segments and (b) subsegments.

where pt is defined as:

pt(x) =

Pterm, if x ∈ Nt,

0, otherwise.
(6)

where Nt is the set of neighborhoods of the source and destination
terminals, and Pterm is a constant value carefully calibrated to exceed the
loss associated with a single bend but remain below that of a waveguide
crossing. This encourages minor detours near terminals, effectively
mitigating unintended waveguide crossings or physical design conflicts
without compromising performance or introducing excessive loss.

D. Automatic Transition Insertion
After obtaining the initial topology, the next stage is to employ different
waveguide types to optimize insertion loss. Although this offers flex-
ibility, each transition between different waveguides introduces excess
loss and phase shifts due to mismatches. Therefore, we formulate this
task as an MILP problem, aiming to minimize total insertion loss while
ensuring the matching of insertion losses across the matching group.
By combining the optimization and matching tasks in our single-stage
MILP framework, we can obtain the optimal solution.

The notations used in the MILP formulation are as follows:
• N : set of nets, N = {np|1 ≤ p ≤ |N |}.
• Sp: set of segments in net np, Sp = {sp,i|1 ≤ i ≤ |Sp|} .
• T : set of waveguide types, T = {tj |1 ≤ j ≤ |T |}.
• G: set of nets within the loss matching group, M = {mu|1 ≤

u ≤ |M |}.
• xpre

p,i,j , x
cur
p,i,j , x

post
p,i,j : 0-1 integer variable denoting whether waveg-

uide type j is selected for the preceding, current, and following
subsegments of the ith segment in net np, respectively.

• ypre
p,i , y

post
p,i : continuous variables denoting the normalized lengths

of the preceding and following subsegments of the ith segment in
net np, respectively.

• λp,i: length of the ith segment in net np.
• γj,k: length of the transition from waveguide type j to k.
• rj : bend radius of waveguide type j.
• βj : bend loss of waveguide type j.
• ϕj : propagation loss of waveguide type j.
• τj,k: transition loss from waveguide type j to k.
• Obend

p , Oprop
p , Otran

p , Ototal
p : bend loss, propagation loss, transi-

tion loss, and total loss of net np.
1) Subsegment Construction
We first introduce a key rule: transitions cannot be inserted to change

the waveguide type during the bending process, as this would alter the
topology of the bend, thereby affecting the bend loss.

Building on this rule, we model each net as a set of interconnected
segments, as shown in Fig. 8(a). The segment is divided according to
the source and target points as well as bend points, and the length of
the ith segment is described as λi.

For each segment, we then construct three subsegments, as illustrated
in Fig. 8(b). A segment consists of two transition points and three
subsegments. Specifically, we define three variables to describe the type

Fig. 9 Illustration of transition movement and related rules.

of subsegments, including the preceding subsegment xpre
p,i,j , the current

subsegment xcur
p,i,j , and the following subsegment xpost

p,i,j .
Since the waveguide type must remain unchanged during the bending

process (e.g., x3 = x4 and x6 = x7), the following constraint should
be satisfied:

xpost
p,i,j = xpre

p,i+1,j , i ∈ {1, . . . , |Sp| − 1}, (7)

where p represents the pth net in N , i is the ith segment in Sp, and j
refers to the jth waveguide type in T . The condition i ∈ {1, . . . , |Sp|−
1} ensures that the constraint applies to each bend.

Moreover, only one type of waveguide is allowed per subsegment.
Therefore, the following constraints must be held for each subsegment:

|T |∑
j=1

xα
p,i,j = 1, (8)

where ∀α ∈ {pre, cur, post}, and i ∈ {1, . . . , |Sp|}.
2) Transition Movement
The discrete nature of loss changes resulting from waveguide type

selection makes satisfying the loss matching constraint difficult. Con-
sidering this, we model the position of transitions using continuous
variables.

As shown in Fig. 9, the segment consists of 3 subsegments and 2
transitions, while the waveguide type of the subsegments changes from
type 1 to type 2 and then back to type 1 from left to right. Moreover,
y1 · λ and y2 · λ represent the length of the preceding subsegment and
following subsegment, respectively. The radii of bends are presented as
r1 and r2. The lengths of transitions are presented as γ1 and γ2.

For the variables y1 and y2, they are normalized to the range [0, 1]
using the length of the corresponding segment λ1, where 0 indicates
the transition is at the proximal bend, and 1 indicates the transition is
at the distal bend.

However, if y1 or y2 is 0 or 1, the transition will be shifted to the
bend, which is prohibited and called “Radius Violation” as illustrated
in Fig. 9. Therefore, the constraints below should be followed:

Rα
p,i =

|T |∑
j=1

(xα
p,i,j ·

rj
λp,i

), (9)

yα
p,i ≥ Rα

p,i, ∀α ∈ {pre, post}, (10)

ypre
p,i ≤ 1−Rpost

p,i , ypost
p,i ≤ 1−Rpre

p,i , (11)

where Equation (9) represents the bend radii of the waveguides corre-
sponding to the previous and following subsegments, respectively, and
the bend radii r are normalized using λ. Furthermore, as indicated
by Equation (8), the sum of x for each subsegment must equal 1,
meaning that the value of R is equal to the normalized radius of the
corresponding waveguide type. Finally, Equation (10) and Equation (11)
ensure that the position of the preceding transition ypre

p,i and the
following transition ypost

p,i lies between the proximal and distal bends.
Additionally, the “Transition Violation” illustrated in Fig. 9 should

also be considered, which is the situation that the length of the current
subsegment cannot accommodate the corresponding transitions. It can
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be defined as follows:

Cα
p,i =

|T |∑
j=1

|T |∑
k=1
k ̸=j

(xcur
p,i,j · xα

p,i,k · γj,k
λp,i

), ∀α ∈ {pre, post}, (12)

1− ypre
p,i − ypost

p,i ≥ Cpre
p,i + Cpost

p,i , (13)

where Equation (12) represents the normalized transition lengths of the
preceding transition and following transition, respectively. The product
of x is used to detect the transition type. Finally, Equation (13) indicates
that the length of the current subsegment must be greater than or equal
to the sum of the transition lengths.

3) MILP-based Automatic Transition Insertion
After defining the waveguide type and transition movement, we

define the objective function to minimize the total insertion loss Ototal
p ,

which includes bending loss Obend
p , propagation loss Oprop

p , and
transition loss Otran

p . Crossed paths are divided into separate paths, and
crossing points are treated as new start or end points, so the crossing
loss is excluded. The total loss Ototal

p is defined as follows:

Ototal
p = Obend

p +Oprop
p +Otran

p . (14)

The bending loss Obend
p is defined as follows:

Obend
p =

|Sp|∑
i=2

|T |∑
j=1

(
xpre
p,i,j · βj

)
, (15)

where βj is the bend loss of jth waveguide type.
The propagation loss Oprop

p is defined as follows:

hα
p,i = yα

p,i −Rα
p,i, ∀α ∈ {pre, post}, (16)

hcur
p,i = 1− ypre

p,i − ypost
p,i − Cpre

p,i − Cpost
p,i , (17)

V α
p,i =

|T |∑
j=1

(
xα
p,i,j · ϕj · hα

p,i · λp,i

)
, ∀α ∈ {pre, cur, post}, (18)

Oprop
p =

|Sp|∑
i=1

(
V pre
p,i + V cur

p,i + V post
p,i

)
, (19)

where hpre
p,i and hpost

p,i in Equation (16) refers to the normalized length
of the preceding and following subsegment, after excluding the radii of
the bends Rpre

p,i and Rpost
p,i , respectively. hcur

p,i in Equation (17) refers
to the normalized length of the current subsegment, after excluding
the lengths of the transitions Cpre

p,i and Cpost
p,i . For Equation (18), the

product of x and ϕ represents the propagation loss of the corresponding
waveguide type, and the product of h and λ represents the actual length
of the subsegment. Following this, we can obtain the propagation loss
of the pth net according to Equation (19).

The transition loss Otran
p is defined as follows:

Otran
p =

|Sp|∑
i=1

|T |∑
j=1

|T |∑
k=1
k ̸=j

(
τj,k · xcur

p,i,j ·
(
xpre
p,i,k + xpost

p,i,k

))
, (20)

where the product of x can detect the waveguide type transition, and
multiplying by τj,k can give the loss for each transition.

Finally, to ensure that the insertion losses are matched across the
matching group G, the loss matching constraint is as follows:

|Ototal
p −Ototal

q | ≤ ϵ, np, nq ∈ G, (21)

where ϵ is a sufficiently small positive number.
4) Problem Linearization
The formulation of all constraints is provided in the previous sections.

Consequently, the final optimization model is given by:

minimize:
|N|∑
p=1

Ototal
p ,

subject to: (7)–(13), (21).

(22)

To handle the non-linear variables in the formulation, we apply a
linearization approach by introducing auxiliary variables and utilizing
the “big M method” [20], thus transforming the non-linear terms into
linear ones.

E. Postprocessing
In the post-processing phase, we determine the actual physical connec-
tions guided by the final result from the MILP solver. Given that there
is only one line in each edge per grid, the process is straightforward. We
convert the grid-based coordinates to actual physical coordinates and
adjust the coordinates of turning points accordingly. For turning points
on the boundary of the path, slight adjustments are made to ensure
length-matching constraints are maintained.

IV. EXPERIMENTAL RESULTS

The initial routing component was implemented in C++ and executed
on a Linux server equipped with a 2.00 GHz Intel Xeon Gold 6338 CPU
and 256 GB of RAM. The remaining components were implemented in
Python and executed on a computer with an Intel Core i7-13700 CPU
and 32 GB of RAM. The MILP problem was solved using Gurobi [21].

There are three waveguide types with different etch depths (full, deep,
and shallow) in the PDK of an industrial foundry. These waveguides
exhibit bend losses of 0.01, 0.02, and 0.04 dB, propagation losses of
1.67, 1.02, and 0.57 dB/cm, and bend radii of 10, 15, and 40 µm,
respectively. Crossings are allowed only in full-etch lines, and the
crossing loss is 0.2 dB. Transition losses are 0.01 dB (full-deep), 0.04
dB (full-shallow), and 0.05 dB (deep-shallow). The latter transition
uses a 40 × 11 micrometers specification, while others are 20 × 11
micrometers.

A. Single-Net Target-Length Routing Results
To evaluate the effectiveness of our target-length routing algorithm, we
compare it directly against the CAFE router [18] on two key metrics:
total optical loss and computation time, both before and after automatic
transition insertion (ATI). Four representative testcases were generated
on grid layouts (100 × 40 and 50 × 50) populated with randomly
placed rectangular obstacles, with two scenarios varying only the target
path length (PIC 1–2) and two varying both obstacle distribution and
length (PIC 3–4). In each case, the target waveguide length was fixed
in advance, and the obstacle density was chosen to reflect realistic
photonic-circuit constraints.

TABLE I summarizes the comparison results and the testcases.
As shown in the table, even without the ATI, our proposed method
consistently achieves significantly lower optical loss by approximately
14% compared to the CAFE router, while also reducing runtime from
several hundred seconds to under 3 seconds per routing. This substantial
speedup and loss reduction highlight the intrinsic quality of our routing
strategy, which effectively reduces bend counts during routing.

When ATI is applied, both routing methods exhibit further improve-
ments in optical loss, highlighting its effectiveness in improving overall
routing performance. Specifically, ATI yields an average reduction
of 21% for the CAFE router and 23% for our method, relative to
their respective pre-ATI results. Notably, while both benefit from the
optimization, the absolute reduction achieved by our approach is greater,
despite already starting from a lower initial loss. This further improve-
ment highlights the compatibility of our routing strategy with the post-
routing ATI. Fig. 10 shows our routing results of PIC1 and PIC4. The
blue, green, and red lines represent full-, deep-, and shallow-etched
waveguides, respectively, while the black rectangles indicate transitions
between different waveguides.

B. Results of Multi-Nets Routing with Matching Constraints
To evaluate the effectiveness of our method for nets with matching
constraints in PICs, we collected six representative real-world PIC
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TABLE I Comparison of target length routing metrics between CAFE Router [18] and our method.

Cases Grid Size
(w × h) # Obstacle Grids Target Length

(µm)
CAFE Router w/o ATI∗ CAFE Router w/ ATI Ours w/o ATI Ours w/ ATI
Loss (dB) Runtime (s) Loss (dB) Runtime (s) Loss (dB) Runtime (s) Loss (dB) Runtime (s)

PIC1 100× 40 1048 24000 5.05 480.5 4.02 480.7 4.53 0.6 3.29 1.1
PIC2 100× 40 1048 57600 12.38 707.4 10.08 708.6 11.35 2.1 8.96 3.6
PIC3 50× 50 878 30800 7.80 288.9 7.08 298.5 6.52 0.8 5.75 1.4
PIC4 50× 50 758 32000 6.96 538.4 6.01 539.0 6.55 1.0 5.50 1.7

Norm. 1.37 258.4 1.16 259.8 1.23 0.6 1.0 1.0
∗ATI represents the automatic transition insertion.

TABLE II Comparison of the total and max insertion loss (TL, ML), loss mismatch (Lmis), and runtime for different methods.

Cases #nets
Router in [15] DP + Refinement Ours

TL (dB) ML (dB) Lmis (%) Runtime (s) TL (dB) ML (dB) Lmis (%) Runtime (s) TL (dB) ML (dB) Lmis (%) Runtime (s)
PIC5 5 1.64 0.27 0 1.429 1.57 0.27 3.25 1.430 1.63 0.27 0 1.615
PIC6 8 2.48 0.31 0 2.011 2.12 0.26 0 2.012 2.12 0.26 0 2.127
PIC7 8 8.26 1.03 0 29.156 5.66 0.71 0 29.157 5.66 0.71 0 29.612
PIC8 8 18.14 1.14 0.71 20.549 16.31 1.10 7.40 19.619 17.61 1.10 0 20.780
PIC9 16 11.52 0.77 7.02 4.471 13.34 0.75 13.73 3.619 11.99 0.75 0 4.872
PIC10 16 16.39 2.37 13.56 1.023 15.45 2.05 5.91 1.029 16.41 2.05 0 7.339
Norm. 1.05 1.14 1.0 0.88 0.98 1.0 1.27 0.86 1.0 1.0 0 1.0

∗Lmis represents the average ratio of the loss differences between nets to the maximum loss among all nets.

(a) (b)

Ridge Waveguide

Rib Waveguide (Deep) Rib Waveguide (Shallow)

Transitions Obstacles

Fig. 10 Results for (a) PIC1 and (b) PIC4.

designs, each containing between 5 and 16 nets requiring matching,
with varying levels of structural complexity. The performance of layouts
generated by our adaptive waveguide routing framework is compared
against two baselines, including the method proposed in [15]. Although
the method in [15] is not specifically designed for insertion loss
matching, its focus on bend and length matching makes it applicable
for achieving comparable results. Under fixed path-length constraints
and without ATI, bend matching becomes the primary mechanism
for controlling insertion loss, as waveguide crossings simultaneously
affect both intersecting nets. In addition to [15], we implement a
two-stage “DP + Refinement” strategy for a more comprehensive
comparison. This approach first assigns waveguide types with dynamic
programming to minimize insertion loss across all nets, then shifts
transitions to raise lower-loss paths and meet loss-matching constraints.
Both baseline strategies, as well as our proposed method, are applied
to the same initial routing results to ensure a fair and consistent basis
for comparison.

TABLE II shows the comparison between routing results. As shown
in the table, our method minimizes total insertion loss while strictly
satisfying the loss matching constraint in all 6 cases. In contrast to
other approaches, our method achieves zero average loss mismatch
across all test cases, demonstrating perfect uniformity in insertion loss
among nets. Moreover, our method yields a 5% reduction in total
loss and a 14% reduction in maximum loss compared to the baseline
in [15], indicating its efficiency. The two-stage “DP + Refinement”
method achieves moderate loss reduction but fails to consistently
satisfy the loss matching constraint. This limitation arises because
the method focuses on minimizing individual path losses in isolation,
without jointly considering the trade-off between loss minimization
and interconnect uniformity. The inability of the DP + refinement

(a) (b)

Ridge Waveguide

Rib Waveguide (Deep) Rib Waveguide (Shallow)

Transitions

Fig. 11 Results for (a) PIC5 and (b) PIC9.

method to satisfy all matching requirements further highlights the
advantage of our integrated MILP formulation, which captures the joint
optimization space of waveguide selection and constraint enforcement
more effectively. Fig. 11 shows our routing results of PIC5 and PIC9.
Regardless of how the pins of the matching net groups are arranged,
our methods can generate high-quality routing results with minimized
insertion loss while adhering to matching constraints.

V. CONCLUSION

This paper presents a complete optical routing framework tailored
for PICs with hybrid waveguide classes. The proposed initial routing
strategies effectively minimize bends and short segments while meeting
strict target lengths or length matching constraints. Our MILP-based
automatic transition insertion further refines the routing by optimally
assigning waveguide types, significantly reducing overall insertion loss
while ensuring compliance with stringent loss matching constraints.
Comprehensive experiments validate the effectiveness of our framework
across diverse testcases, showing that compared to prior approaches, our
algorithm reduces total insertion loss by up to 37% on average in target-
length routing scenarios, and achieves an average reduction of 5% in
total insertion loss and 14% in maximum loss in multi-net cases while
satisfying all constraints.
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