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Abstract—Optical interconnects have emerged as a promising solution for
rack-, board-scale, and even in-package communications, thanks to their
high available optical bandwidth and minimal latency. However, optical
waveguides are intrinsically different from traditional metal wires, especially
in terms of phase-matching constraints, which pose new challenges for
routing in photonic integrated circuit (PIC) design. In this paper, we
present ELITE, a comprehensive and efficient lookup table (LUT)-assisted
routing engine tailored for PICs with phase-matching constraints. We
integrate a customized A*-based initial routing algorithm that accounts for
potential waveguide crossings, a diffuse-based length-matching technique,
and LUT-based strategies that leverage a pre-defined path library for bend
reduction and strategic insertion to ensure precise phase alignment. The
framework minimizes total insertion loss while adhering to all matching
constraints. Experimental results based on real photonic designs show
that our optical routing flow can reduce total insertion loss by 25%
and maximum insertion loss by 46% compared to manual results, while
satisfying matching constraints.

I. INTRODUCTION

As semiconductor technology advances toward the limit, the demand for
reduced power consumption and diminished interconnection delay in-
creases, thereby aggravating the challenges associated with transmission
speed and energy efficiency. This predicament has sparked a growing
interest in exploring optical interconnects as a promising alternative,
which offers higher bandwidth, lower power consumption, and signal
delay, compared to conventional electrical interconnects [1]–[4]. How-
ever, realizing these benefits at scale requires sophisticated photonics
integrated circuit (PIC) design automation tools, which currently lag
far behind mature electronic design automation. The PIC design flow
often demands substantial expertise and manual effort, particularly for
complex layouts and performance optimization [5], [6].

Within this landscape of design automation challenges, routing
emerges as a critical bottleneck for achieving high-density, high-
performance PICs. Critically, routing in the optical domain differs
fundamentally from its electrical counterpart. Owing to the different
natures of optical waveguides and electrical wires, PICs can be con-
nected smoothly in any direction. In addition, the unique challenge
of increased signal attenuation at sharp bends in photonic circuits
necessitates the implementation of a minimum bend radius to maintain
signal integrity. The optimization objective in photonic circuits also
shifts from minimizing propagation length to reducing transmission
loss. Furthermore, due to limitations in current fabrication technologies,
optical routing is typically confined to a single dielectric layer, and
waveguide crossings are allowed within the same layer to resolve
topological conflicts [5].

Additional functional constraints are also imposed in optical routing.
Many applications, including coherent communications, programmable
photonic processors, and optical neural networks, necessitate that spe-
cific optical paths should be matched to ensure that optical waveguides
have identical phase delays for the proper functionality of a circuit [7].
These factors considerably amplify the challenge of managing routing
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constraints for waveguides on a chip while also striving to ensure
minimal transmission loss. Consequently, traditional electrical routing
algorithms can not be directly employed, and new methodologies
are needed to tackle the unique routing challenges that minimize
transmission loss while adhering to the phase-matching constraints.

Recent research has extensively focused on optical routing problems.
Ding et al. [8] developed the first gridless optical routing framework
based on integer linear programming (ILP) for low-power on-chip opti-
cal interconnections. They later optimized the framework by employing
wavelength division multiplexing (WDM) to achieve high capacity and
co-optimizing power and thermal reliability [9]. To improve perfor-
mance further, Liu et al. [10] proposed a comprehensive routing flow for
optical-electrical co-design and employed a Lagrangian relaxation (LR)-
based algorithm to speed up the ILP solving. Notwithstanding the abun-
dant studies, most existing studies only focus on external requirements
like transmission loss and power while ignoring the internal limitations
of matching constraints. Chuang et al. [11] first considered the matching
constraints of waveguides and developed an ILP-based optical routing
framework that optimizes the total transmission loss while satisfying
all matching constraints. However, overly stringent requirements are
imposed that all matched light paths be symmetrical or consistent, and
ILP methods may not scale well.

Although PCB routing addresses length constraints through methods
such as LR [12], LP-based grid allocation [13], and shape-based detour-
ing [14], these approaches induce excessive bends via snaking patterns,
making them inapplicable to optical routing. Moreover, minimizing
bends is an NP-hard problem [15]. Current solutions, including the
MILP formulation by Park et al. [15] and the edge labeling scheme
by Lu et al. [16], face significant challenges regarding scalability and
search efficiency due to the enlarged solution space. Since simulta-
neous optimization of path length and bend count is computationally
prohibitive with these methods, an efficient bending minimization
algorithm is urgently needed to mitigate performance degradation.

In this paper, we present a comprehensive and efficient optical
routing engine, ELITE, that minimizes insertion loss while satisfying
phase-matching constraints. Our approach begins with a global routing
phase using a customized A* algorithm that directly optimizes insertion
loss. To preserve routing space and reduce crossings, we incorporate
a penalty term for potential crossings during this phase. For phase
matching, we introduce a diffuse-based method that applies spiral detour
patterns to phase-mismatched waveguides. This technique iteratively
allocates sufficient area while ensuring detours achieve phase align-
ment with minimal additional bends, thereby controlling insertion loss.
Finally, a lookup table (LUT)-based bend reduction techniques further
reduce loss by minimizing the number of bends, with a strategic bend
insertion on paths with fewer bends to align discrepancies across all
nets. Our contributions are summarized as follows:

• We propose a comprehensive and efficient optical routing engine,
ELITE, that minimizes insertion loss while satisfying phase-
matching constraints.
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Fig. 1 Illustration of three major sources of loss for optical routing.

• We present a crossing-aware A* formulation that explicitly pre-
serves routing space for each net, effectively reducing unnecessary
net crossings and overall loss.

• We introduce a diffuse-based iterative length-matching method,
effectively inserting detour patterns to ensure length matching.

• We propose a LUT-based bend reduction method, effectively
reducing the extra bends to optimize the insertion loss.

• Experimental results based on real photonic designs show that our
optical routing flow decreases 25% total insertion and 46% of
max insertion loss while effectively satisfying matching constraints
compared to manual results.

II. PRELIMINARY

In this section, we will first introduce the three major sources of
insertion loss in optical routing addressed by this paper and then present
our formulation of the optical routing problem.

A. Insertion Loss
The total insertion loss is primarily determined by three sources:
propagation loss, bending loss, and crossing loss, as illustrated in Fig. 1.
They can be defined as follows:

1) Crossing Loss (Closs): The crossing loss occurs when two waveg-
uides intersect. As shown in the experimental results of [17], the
crossing loss can be minimized and remains constant when the
angle between two waveguides is between 60 and 120 degrees.

2) Bending Loss (Bloss): The bending loss is induced when a
waveguide is routed with a bend and can be calculated as follows:

Bloss = σ · θ · r−η, (1)

where θ is the arc angle, r is the bending radius, and η and σ are
two device specific parameters.

3) Propagation Loss (Ploss): The propagation loss occurs during
waveguide transmission, typically on the order of 10−4 per micron.
Due to its negligible scale, wire length is a trivial factor in optical
routing, distinguishing it from the length-minimization objective
in traditional electronic routing.

The total insertion loss (Tloss) in this paper is defined as follows:

Tloss = Closs +Bloss + Ploss. (2)

B. Problem Formulation
Here we formulate the optical routing problem under matching con-
straints as follows:
• Given the placement information, including the location and size

of the components and the location of the pins on the components’
boundaries, the design rules, and a netlist with matching net
groups, the objective is to route all nets to minimize the total
insertion loss without violating any design rules and to meet all
matching constraints for all matching net groups.

III. PROPOSED METHOD

A. Overall Flow
Fig. 2 summarizes the flow of ELITE, which is divided into two main
parts: (1) routing for matching net groups and (2) routing for general

nets without matching constraints. Each part is further subdivided into
two stages, which are global routing and detailed routing.

For matching net groups, the global routing stage begins with square
global grid construction to reduce the complexity of path searching and
matching by restricting routes to Manhattan connections. An A*-based
method is then applied to establish preliminary paths. Following the
initial routing results, methods for length-matching and bend reduction
are proposed to ensure compliance with matching constraints while
minimizing insertion loss. In the detailed routing stage, refinement to
the positions of pins and turning points while considering matching
constraints is made to obtain the actual physical interconnections.

Similarly, for nets without matching constraints, the global routing
stage starts with the rectangular global grid construction and initial-
ization to set up the routing grid. Then, congestion-aware A*-based
routing is conducted to construct paths with routability considerations,
and a rip-up and reroute strategy is applied to nets with high loss. In
the detailed routing stage, an extra A* search is performed on a finer
grid defined by spacing and waveguide width, where nets are processed
sequentially from the minimum to the maximum bounding boxes.

B. Routing for Matching Net Groups
1) A*-based Initial Routing
After constructing the global routing grid, we apply an A*-based

routing algorithm to generate initial paths for matching nets with
minimized loss. The routing cost is evaluated using total insertion loss
as the objective function. As discussed in Section II-A, insertion loss
depends on the waveguide length, as well as the number of bends and
crossings. To estimate these components during routing, we use wire
density as a proxy for predicting bends and potential crossings, while
the minimum distance to the target is used to approximate path length.
It can be defined as:

f(v) = g(v) + h(v), (3a)

h(v) = Cest(v) + Lest(v), (3b)

where v is the current position, g(v) represents the current insertion loss
of the path determined by Equation (2), Cest(v) and Lest(v) denote the
estimated density and minimum length from v to the target, respectively.

We use a uniform function to estimate the wire density, thus speeding
up the search process. This is computed as:

Cest(v) =

N∑
k=1

α · Lk(v,dst)

Area(v,dst)
, (4)

where N is the number of routed nets, Area(v,dst) represents the
area of the square constructed by the current point and target dst,
and Lk(v,dst) represents the length of net k in the area of the point
and target. Fig. 3 (a) illustrates the computation of the estimated routing
density using a uniform density function. In this example, Net 3 (already
routed) contributes to the estimated congestion for Net 2, which is
currently being routed. At each grid cell, the algorithm constructs a
bounding box between the current point (blue point) and the target of
the net (shown by the dashed blue rectangle). The total length of routed
segments from other nets (Net 3) that lie within this bounding box is
used as an estimate of local density. This length is then normalized
by the area of the bounding box to compute the density, under the
assumption of uniform distribution of routing within the box. The
resulting density is visualized using a color gradient: darker shades
represent higher estimated density values.

And α is a user-defined parameter that balances the trade-off between
the current loss preserving routing flexibility for subsequent nets, and a
large α means the paths tend to detour and ensure a large distance from
the existing waveguides. Fig. 3(b)–(d) illustrate the impact of different
α values on routing behavior. In Fig. 3(b), where α = 0, the density
function is disabled, and congestion awareness is not considered during
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Fig. 2 The overview of our proposed routing flow.
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Fig. 3 Illustration of the uniform function and the effect of its weight.
(a) The computation of the estimated density. (b)-(d) A* results with
zero, medium, and large weight.

routing. As a result, Net 2 proceeds directly toward its target and closely
follows the starting point of Net 3. This routing leaves insufficient space
for Net 1, which then attempts to take the shortest path to its destination
but becomes blocked by Net 2. Consequently, an unavoidable waveguide
crossing occurs. In contrast, a moderate α value in Fig. 3(c) introduces
enough deterrence to guide Net 2 slightly away from Net 3, leaving
sufficient routing space for Net 1. This avoids the crossing entirely,
without incurring additional path length. However, when α is set too
high, as shown in Fig. 3(d), the algorithm becomes overly conservative.
Net 1 is forced to route around the periphery of the layout to avoid
moderately dense areas, resulting in a significant detour that increases
the total waveguide length and, consequently, the insertion loss.

For routing order, nets with shorter half-perimeter wirelengths are
prioritized. This heuristic is based on the observation that shorter
nets generally have fewer detour options and are more sensitive to
congestion. To ensure port alignment, routing starts in a fixed direction
at the source while the target location is shifted by one grid cell. This
adjustment guarantees that the final path properly connects both ports
according to orientation constraints. Furthermore, explicit congestion
modeling is omitted because bend radius and matching constraints
already restrict each cell to one waveguide per direction.

2) Path Modification for Length-Matching
Following the A*-based initial routing, our algorithm addresses

the length-matching challenges through a multi-step approach, which
ensures efficient use of available routing resources and optimizes the
detouring process to meet length-matching constraints.

Our algorithm begins by identifying the detour region within the
initial routing result. The detour region is a closed area that satisfies
the following conditions: (1) within this region, the paths maintain their
relative order and there are no crossings; (2) all paths enter and exit
through the same two sides, which, along with the outermost paths,
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Fig. 4 Illustration of the path modification process for length-matching.
The blue net represents the selected net for detouring, while the red
nets indicate the fixed nets.

define the region’s boundary. By traversing the paths, the maximum
detour region is identified and serves as the basis for the subsequent
routing process. This concept is illustrated in the Fig. 4, where the red
dashed lines outline the detour region.

After assigning the detour region, we can assess the available area
within the region to ensure sufficient space for the detour. This involves
calculating the number of unused grids and comparing it to the required
detouring space, which is determined by the difference between the
current path length and the group’s longest path, summed over all nets.
To account for wasted cells as in [12], a slack variable δ is introduced.
The space is considered sufficient if the available area is at least (1+δ)
times greater than the needed area. δ = 0.03 is enough in our practice.
If the initial assessment indicates insufficient detouring space, additional
routing resources will be allocated by extending the longest edge on
the boundary of the detour region.

With sufficient routing resources ensured, the algorithm proceeds
with detouring process. If abundant space exists between adjacent
paths, the process is straightforward. However, when the available
area is limited, we employ the diffuse-based iterative detour method
to maximize area utilization for detours and meet length-matching
constraints. We begin by selecting the two outermost paths within the
detour region based on the boundary and specifying one path as the
candidate for detouring. Once a path is selected as a candidate, the
remaining paths, excluding fixed paths and the candidate, are diffused
along the outer boundary to maximize the available space for detouring.
Fig. 4 demonstrates the procedure. In Step 1, we select the lower
net (Net 3) as the candidate for detouring, while the other net (Net
2) is diffused along the upper boundary (Net 1). Then in Step 2, to
minimize the number of bends required during detouring, we then
apply a spiral detour pattern to the candidate (Net 3), where the routing
segments extend from the source and bend back in a U-shape before
continuing toward the destination. This pattern helps reduce complexity
and potential signal degradation caused by excessive bending. The
spiral detour pattern is applied iteratively to the longest segment of
the selected net until the candidate reaches the desired length. Once
the net length is matched, it is fixed as a boundary. Next, we repeat
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the process for the other nets in the previously selected pair. In Step 3
and Step 4, other paths are diffused along the lower boundary (Net 3),
and the spiral detour pattern is applied to the new candidate (Net 2).
This process is performed iteratively until all nets are fixed in place,
ensuring that all the nets have identical lengths.

C. Path Library for Bend Reduction
While the initial routing phase establishes the basic connectivity and
length matching, the resulting paths often exhibit extra bends that
increase insertion loss. To address this, we propose a LUT-based path
library. This library enables efficient refinement by replacing existing
path segments with pre-calculated, bend-optimized alternatives without
altering the total path length.

1) Path Library Definition
We define the path library L as a collection of key-value pairs <

Ki,Vi >. The key Ki encodes the geometric characteristics of the
initial path in the i-th scenario, mapping to a value Vi that contains a
set of optimized paths {Pa}Aa=1 sorted by ascending bend count. Each
Pa is defined as a vertex sequence {v1, . . . ,vBa} of length Ba. For
any vertex vb ∈ Pa, the component vb = (xb, yb) ∈ R2 denotes the
coordinates of the b-th vertex in the sequence.

The key K is formally defined as < v1,vB ,m, n, l, ds, dt >. Here,
v1 and vB denote the start and end points of the path to be optimized.
The parameters m and n represent the dimensions of the minimum
bounding box spanning v1 and vB calculated as m = |x1 − xB | and
n = |y1 − yB |. The variable l corresponds to the total Manhattan
length of the path, given by l =

∑B−1
k=1 (|xk − xk+1| + |yk − yk+1|).

Furthermore, ds = d(1) and dt = d(B − 1) specify the waveguide
orientations at the source and terminal points, respectively, where the
direction d between two nodes vi and vi+1 is encoded as 0, 1, 2, or
3, representing Right, Up, Left, and Down, respectively.

Note that to break geometric symmetry and reduce library redun-
dancy, we transform each path into a canonical form by normalizing
the coordinates such that the source v1 is at (0, 0) and the target vB is
at (m,n), while rotating the path so the source direction ds is always
0. Consequently, the geometric signature simplifies to the four-tuple:

K = (m,n, l, dt). (5)

Associated with the geometric feature Ki is the path set Vi =
{P1, . . . ,PA}. We partition and sort this set ascendingly into distinct
clusters according to the number of bends in each path.

We refer to this set as a candidate bucket. Each bucket provides a pre-
computed mapping from the geometric signature to its corresponding
alternatives. This indexing scheme allows the path insertion to perform
an O(1) query to retrieve a set of alternative paths that satisfy identical
geometric and length constraints while offering a reduced bend count.

2) Path Library Generation
Due to the exponential growth of paths in obstacle-free regions,

exhaustive enumeration for LUT construction is computationally pro-
hibitive. Inspired by Line Probe Routing, we propose a randomized
search algorithm that alternately samples actions from πh = {←,→
} × {1, . . . ,m} horizontally and πv = {↑, ↓} × {1, . . . , n} vertically
sets as Fig. 6(a). The search depth is set to D = BC + 1, iter-
atively incrementing the bend count BC. By incorporating pruning
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strategies illustrated in Fig. 6(b) and Fig. 6(c), valid paths satisfying
Ki are efficiently collected into Vi, balancing solution diversity with
computational cost. Bend-Lower-Bound Pruning terminates a branch if
the current bend count, plus the mandatory turns predicted to reach
T (e.g., if x ̸= m and y ̸= n), exceeds BC. Simultaneously, Dead-
end Pruning utilizes a visited bitmask to detect connectivity. If the
current path forms a self-intersecting loop or isolates the target T within
the m × n bounding box, the search backtracks immediately. Beyond
search efficiency, the utility of the LUT is constrained by the trade-off
between memory overhead and topological diversity. Considering this,
we introduce a length threshold to discard paths exceeding twice the
Manhattan distance (l > 2(m+ n)).

3) Path Matching and Insertion
Following the construction of the path library, the subsequent chal-

lenge is to apply these pre-calculated paths to optimize paths with
excessive bend counts. However, direct lookup is often hindered by
the substantial dimensions of paths, which exceed the pre-defined grid
scales of the path library. To bridge this gap, we propose a multi-level
bend reduction strategy, as outlined in Algorithm 1.

In each iteration, the algorithm selects the path with the most bends
p ∈ R (Step 4) and searches for a replaceable subpath s (Step 5),
where R is the set of routed paths on the design. Specifically, a
subpath is considered replaceable only if it is box-contained, meaning
that its trajectory stays within the bounding box induced by its two
endpoints. To cover both local and moderately long patterns, we
enumerate candidate subpaths across multiple levels up to Z. A level-
1 subpath s is defined as a maximal segment along p, obtained by
expanding from a starting vertex to the furthest possible vertex such
that the box-contained property is preserved. Higher-level candidates
are then constructed through concatenation, where a level-z subpath
is formed by merging z consecutive level-1 segments, provided the
resulting trajectory remains box-contained.

For each candidate s, we normalize it into a canonical key (Step 6) by
translating its start point to the origin, rotating it to ensure ds = 0, and
applying a mirror reflection if the terminal y-coordinate is negative. This
transformation yields a standardized key (m,n, l, dt) to query L for a
set of alternatives C with fewer bends (Step 7). Each alternative is then
denormalized (Step 9) by reversing these geometric operations to obtain
a concrete replacement q′. To ensure feasibility, NONCONFLICTING



Algorithm 1: Imp-LUT(R,L, Z)
Input: Path set R, LUT L, max level Z
Output: Optimized path set R

1 updated← true;
2 while updated do
3 updated← false;
4 p← SELECTWORST(R);
5 foreach s ∈ ENUMERATESUBPATHS(p, Z) do
6 key ← NORMALIZETOKEY(s);
7 C← QUERYBETTER(L, key, BENDS(s));
8 foreach q ∈ C do
9 q′ ← DENORMALIZE(s,q);

10 if NONCONFLICTING(R,p, s,q′) then
11 p′ ← p[s→ q′];
12 R← (R \ {p}) ∪ {p′};
13 updated← true;
14 break;

15 if updated then
16 break;

17 return R;

(Step 10) temporarily clears the occupancy of s and verifies that q′

does not collide with the rest of the path set, which comprises all other
paths in R and the segments of p not covered by s. If q′ is feasible, s
is replaced and R is updated (Steps 11–12). The process repeats until
no further improvements are found.

D. General Nets Routing
1) Congestion-Aware A*-based Routing
Unlike the approach in Section III-B, which only permitted Man-

hattan connections, diagonal connections are allowed in this section.
The capacity of each edge is set to be the width divided by the
minimum waveguide spacing plus the waveguide width. For Manhattan
connections, the routing demand is set to 1 per net. For non-Manhattan
connections, we distribute the routing demand across the four intersect-
ing edges evenly, with each edge allocated one-quarter of the demand.

Building upon the previous A* formulation used for matching net
groups routing, we introduce a congestion-aware A* formulation to
the routing for general nets without constraints. This formulation
incorporates a congestion penalty term pe into the cost function to
account for potential overflow, which helps to distribute the routing
demand more evenly and avoid congestion. Different from the previous
approaches in Section III-B that restricted diagonal movement, the
current formulation allows for diagonal routing by considering eight
directions in each A* search. The cost function can be defined as:

f(v) = c(v) + g(v′) + h(v), (6)

where v′ represents the previous node of v and c(v) is the cost of the
current node, which can be computed as:

c(v) = (1 + pe)× (g(v)− g(v′)). (7)

Assuming Ce is an edge’s capacity, De is an edge’s demand. We define
ωe as the availability of the edge: ωe = (Ce −De)/Ce. The congestion
penalty term pe is computed as follows:

pe =

{
β

1+et·ωe × (1− ωe), if ωe > 0

∞, otherwise
(8)

where β and t are user-defined parameters. β determines the influence
of congestion, and t represents the sensitivity to congestion. In this
paper, β and t are set to be 1.5 and ln5, respectively. We choose the
logistic function [18] to ensure that the congestion penalty is near zero

when resources are abundant. As the available resources decrease, the
penalty increases rapidly, reaching its highest slope at the capacity point.
By multiplying the demand term, we ensure the penalty is zero when no
demand exists. Note that in current mainstream silicon photonic designs,
only one layer is available and the overflow is strictly prohibited, so
we set a very large constant as the penalty to avoid this situation.

Taking into account the minimum bending radius constraints, we
introduce a bending factor γ which is defined as follows:

γ =

{
1/(ϵ(dist(vi,vi+1)− rmin)), if i = 1,

1/(ϵ(dist(vi,vi+1)− 2× rmin)), otherwise,
(9)

where i is the sequence of the turning point in the path from the source,
dist(vi,vi+1) is the distance between the turning point vi and vi+1,
and ϵ(x) is the Heaviside function, which is 1 if x ≥ 0 and 0 otherwise.
If the bending radius satisfies the minimum bending radius constraint,
this factor will be 1 and will not affect the g(v). Otherwise, it will be
infinite, effectively avoiding small bending radius.

To handle the loss dynamically, we apply a rip-up and re-route (RRR)
strategy. First, we check if the total and maximum losses meet our
requirements. If the total loss is too high, we identify the grid with
the maximum loss, which typically corresponds to the region with the
most crossings. We then rip up the nets passing through the identified
high-loss region and reroute them. If the maximum loss requirement
for the nets is not met, we rip up the net with the maximum loss and
the intersecting nets. The order of rerouting is arbitrary, but nets with
a higher frequency of rip-ups are prioritized in the rerouting process.

A negotiated congestion algorithm [21] is applied to manage the
over-lossy grid in each iteration. The cost for the current grid c(v) is
modified as:

c(v) = (1 + h(v)× o(v))× (g(v)− g(v′)), (10)

where h(v) is the added cost reflecting the history over-lossy, and o(v)
is the penalty for the lossy grid. Similar to the Equation (8), we replace
the relative resource of the edge ωe with the over-lossy ratio ωv , which
is defined as the the ratio of excess to the maximum threshold:

ωv =

{
(Ltotal − Lth)/Lth, if total loss is unqualified,
(Lmax net − Lth)/Lth, if max loss is unqualified.

(11)

And o(v) can be modified as follows:

o(v) =
λ

1 + et·ωv
, (12)

in which we omitted the demand term here because the ωv is always
larger than 0, and we do not want the penalty to increase linearly but
rather stabilize when the loss is much higher than the threshold. The
parameter λ is a scaling factor that is set to 0.02 in our paper. The
history cost h(v) is defined as follows:

h(v)k+1 =

{
h(v)k + hinc, if loss is unqualified,
h(v)k, Otherwise,

(13)

where h0
v = 0, and hinc is set to 1 to affect the convergence speed.

IV. EXPERIMENTAL RESULTS

In this section, we present our experimental results. We implement
ELITE in C++ and export the final results into GDS file in Python with
Nazca library. All the experiments are conducted on a computer with
an AMD Ryzen 9 8945HS CPU and 32GB of memory. The performance
metrics of circuit layouts produced by our optical routing framework
are evaluated in comparison with the other three baselines, including the
BSG-route [13], ILP [11], and the designs from experienced designers,
with all methods executed under a time limitation of 20000 seconds.
For a fair comparison, we implemented the BSG-route using the
same A*-based initial routing topology. To evaluate the effectiveness



TABLE I Benchmark information of the die size(µm2), net number, and routing grid number. Comparison of the total insertion loss TL(dB), max
insertion loss ML(dB), max length difference MLD(µm), max bends difference MBD, and runtime(s).

Benchmark Manual BSG route [13] ILP [11] ELITE

Name Size(µm2) # Net # Grids TL ML MLD # MBD TL ML MLD # MBD Runtime TL ML MLD # MBD Runtime TL ML MLD # MBD Runtime

Optical Phase Array 4×4 [19] 250x4300 4 750 0.948 0.237 0 0 1.056 0.354 0 8 0.62 0.690 0.1725 0 0 1512.59 0.690 0.1725 0 0 0.03
Optical Phase Array 9×9 [19] 450x350 9 1575 7.452 0.828 0 0 5.358 0.822 0 20 1.63 - - - - - 3.078 0.342 0 0 0.14

Optical Phase Array 16×16 [19] 800x1300 16 10400 21.504 1.344 0 0 19.998 1.908 0 52 9.82 - - - - - 8.448 0.528 0 0 6.06
Optical Delay Lines 6×6 100x150 6 150 1.380 0.390 0 12 1.560 0.390 0 12 0.03 1.674 0.279 0 0 16243.95 1.914 0.339 0 4 0.02
Optical Delay Lines 8×8 1450x250 8 3625 3.612 0.669 0 16 5.538 0.838 0 20 4.83 - - - - - 2.760 0.345 0 0 4.06

Waveguide Crossing Array 8×8 600x600 8 3600 5.163 1.833 240 6 7.116 1.842 0 52 3.51 - - - - - 4.596 0.582 0 2 1.12
Waveguide Crossing Array 16×16 1000x2000 16 20000 22.118 4.377 1001.075 16 41.148 4.045 0 91 87.72 - - - - - 22.488 1.435 0 2 42.15

Bundled Bending Array 8×8 A [20] 400x1250 8 5000 3.360 0.420 0 0 4.860 0.9525 0 26 1.74 - - - - - 2.340 0.2925 0 0 0.20
Bundled Bending Array 8×8 B 1800x1450 8 26100 5.772 0.879 0 0 13.512 2.319 0 62 58.76 - - - - - 5.592 0.699 0 0 53.97

Bundled Bending Array 14×14 [20] 1600x700 14 11200 10.332 0.738 0 0 15.423 2.5845 0 78 5.33 - - - - - 7.623 0.5445 0 0 0.55

Geo-mean 5.30 0.83 - - 7.02 1.23 - - 3.50 - - - - - 3.97 0.45 - - 0.95

Ratio 1.33 1.84 - - 1.77 2.73 - - 3.69 - - - - - 1.00 1.00 - - 1.00

(a) (b) (c) (d)

Fig. 7 Part of results. (a) Optical Phase Array 16×16, (b) Waveguide-
Crossing Array 16×16, (c) Bundled Bending Array 8×8 A without

path library, (d) Bundled Bending Array 8×8 A with path library.

and scalability of ELITE, we selected ten real photonic designs with
different sizes and numbers of nets, as illustrated in TABLE I.

In these benchmarks, the insertion loss settings are: 0.52 dB per
crossing, 1.5 dB per centimeter, 0.03 dB per 90-degree bend, and 0.015
dB per 45-degree bend, based on a PDK from an industrial foundry. Due
to limitations in the PDK, which only provides 90-degree waveguide
crossing devices, we adopt a square grid for all routing. If additional
crossing angles are supported, our method can be easily extended by
adjusting the grid geometry or aspect ratio accordingly, thereby enabling
a broader and more flexible design space.

For the settings of ELITE, we empirically set the parameter α in
Equation (4) to 0.3 and Z in Algorithm 1 to 10. The path library is pre-
generated by exploring the configuration space (m,n,D), where the
grid dimensions m,n ∈ [0, 60] and the search depth D ∈ {1, 2, . . . , 7}.
For each (m,n,D), 500 sampling iterations are conducted. This pre-
computation process requires approximately 30.7 hours, producing a
raw LUT of 286 MB. After redundancy removal, the final LUT size is
reduced to 195 MB.

TABLE I shows the comparison between routing results. As shown
in the table, ELITE satisfies all the length-matching constraints and
only exhibits a few mismatches in the number of bends. Compared to
manual designs, our results achieve a 25% reduction in total loss and
a 46% reduction in maximum loss. Additionally, BSG-route exhibits
the highest insertion loss and a significant discrepancy in maximum
bends due to its tendency to generate excessive bends, whereas our
method achieves a 73% reduction in computation time. In contrast, ILP
achieves optimal maximum loss but demonstrates poor scalability and
the highest computation times, completing only a limited set of small
cases. This is evident when the net count scales from 4 to 6: despite a
reduced grid size, runtime increases from 1512s to 16243s.

The resulting layout is shown in Fig. 7. To satisfy the matching
constraints, a heuristic strategy is applied after the bend reduction
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Fig. 8 Ablation study of path library. OPA is Optical Phase Array, WCA
is Waveguide Crossing Array, BBA is Bundled Bending Array.

stage. For nets with fewer bends, bends are inserted while maintaining
a constant path length. Specifically, as shown in Fig. 7(a), bends are
inserted into existing L-shaped segments. In cases with detour patterns,
such as in Fig. 7(b), U-shaped bends are used to increase the bend
count. This approach ensures that nets in a matching group achieve
identical bend counts without violating the length-matching constraint.

Additionally, we evaluate the advantages of the proposed path
library. As illustrated in Fig. 8, its integration significantly reduces
both total and maximum insertion losses, achieving an average 25%
improvement. For Optical Phase Array 4×4, our method with the path
library yields results identical to those of the ILP method, underscoring
its effectiveness. Fig. 7(c) and (d) further compare the layouts of
Bundled Bending Array 8×8 A without and with the path library,
respectively. The detour pattern in (c) is optimized in (d), reducing the
number of bends from 7 to 5 while maintaining the same path length.
Note that all improvements are achieved with minimal computational
overhead, as the library query time remains under 1 ms in all cases.

V. CONCLUSION

In this paper, we proposed ELITE, a comprehensive and efficient LUT-
assisted routing engine tailored for PICs with phase-matching con-
straints. The framework integrates a crossing-aware A*-based routing
algorithm that accounts for insertion loss and potential waveguide cross-
ings, enabling high-quality initial path generation. The proposed diffuse-
based length-matching method effectively maximizes area utilization for
our spiral detour pattern insertion, ensuring length-matching constraints
are met with minimal bend overhead. The LUT-based bend reduction
method efficiently reduces the number of bends without changing the
path length. Experimental results on real photonic designs show that our
method decreases total insertion loss by 25% and maximum insertion
loss by 46% while effectively satisfying matching constraints compared
to manual results and completing the routing in seconds.
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