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Abstract

Optical-electrical (O-E) interconnects have drawn significant attention as the
need for low-power heterogeneous integration grows, and wavelength-routed optical
network-on-chips (WRONoCs) have emerged as a promising solution due to their
low-delay, low-power, and high-bandwidth optical signal transmissions. Previous O-
E codesign methods do not consider microring resonator (MRR)-based WRONoCs,
and previous MRR-based WRONoC topological and physical codesign methods lack
the scalability for electrical designs due to the prohibitive runtimes of integer linear
programming (ILP) formulations or excessive optical resource usages. To remedy
these drawbacks, we propose the first O-E codesign flow for MRR-based on-chip
signal transmissions to minimize power consumption with high efficiency. Based
on our proposed scalable WRONoC topology building blocks (TBBs), we propose
a novel bipartite graph-based net clustering algorithm for MRRs to reduce optical
resource usage, a crossing-aware dynamic programming-based TBB construction

algorithm to effectively minimize the number of crossing switching elements, and an
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efficient TBB-based wavelength assignment algorithm without an ILP. Experimental
results show that our work significantly outperforms state-of-the-art work in power

consumption.

Keywords: Optical-electrical interconnect, Microring resonator (MRR), Wave-

length routing, Optical network-on-chip (ONoC), Network topology, Physical design
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Chapter 1

Introduction

This thesis proposes an optical-electrical codesign flow for microring resonator-based
on-chip signal transmissions to minimize power consumption with high efficiency. In
this chapter, Section 1.1 introduces optical network-on-chips. Section 1.2 reviews
previous works. Section 1.3 presents our motivations. Section 1.4 presents our
contributions. Finally, Section 1.5 shows the organization of the remainder of this

thesis.

1.1 Introduction to Optical Network-on-Chips

As the need for low-power heterogeneous integration grows, such as the
TSMC announcement on its co-packaged optics to be in production in 2025 [32],
optical-electrical (O-E) interconnects have drawn significant attention to overcome
the delay bottleneck of electrical wires [12]. With advanced integrated photonic tech-
nologies, optical network-on-chips (ONoCs) have emerged as a promising solution
due to their low-delay, low-power, and high-bandwidth optical signal transmissions.
Furthermore, wavelength-routed ONoCs (WRONoCs) avoid the delay and power
overheads of dynamic control networks in active ONoCs by using dedicated signal

paths at the design time [4,22,23, 28,30, 31].

As shown in Figure 1.1, in a WRONoC, a photonic layer is 3D-stacked on

doi:10.6342/NTU202503210



electrical layers. On this photonic layer, optical signals are transmitted in waveg-
uides, and optical wavelengths are provided by laser sources. Electrical signals on
the electrical layers are transmitted to the photonic layer by through-silicon vias
(TSVs), modulated on optical wavelengths by modulators, and converted to optical
signals. These optical signals on the photonic layer are transmitted by an optical
network, demodulated by demodulators, and converted back to electrical signals.

Then, these electrical signals are transmitted back to the electrical layers.

Laser
sources Modulators Demodulators
A |
! !
Photonic Optical
layer ‘*/ devices
N e
LENATT L
Electrical Signal N TSVs Signal
layer sources targets
~_\
T\

Wires

Figure 1.1: In a WRONOoC, electrical signals on the electrical layers are transmitted to
the photonic layer and converted to optical signals. These optical signals on the photonic
layer are transmitted by an optical network and converted back to electrical signals. Then,
these electrical signals are transmitted back to the electrical layers.

WRONoCs can be categorized by their optical network architectures into
wavelength division multiplexing (WDM )-based WRONoCs [24] and microring res-
onator (MRR)-based WRONoCs [3,26]. WDM-based WRONoCs transmit opti-

cal signals with multiple wavelengths in each WDM waveguide, as shown in Fig-
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ure 1.2(a), while MRR-based WRONoCs use WDM waveguides and switch optical
signals to different waveguides using MRRs, as shown in Figure 1.2(b). Specifically,
an MRR has multiple resonant wavelengths. Optical signals with these resonant
wavelengths are coupled to this MRR and then decoupled to different waveguides,
while optical signals with different wavelengths are not coupled and remain in their
original waveguides. For example, the waveguide g, connects the signal source s;
and target ¢; in Figure 1.2(c), and the waveguide g, connects the signal source so
and target t5. The orange MRR has the resonant wavelength \s. Thus, the orange
signal path with A, is switched by this MRR from ¢; to g2, while the red signal path

with the wavelength \; remains in g;.

A
| -1 | -7l r__l l | |
51| ity] 51| 1t ] 1577 it
2 = 211 2] 1= z
|
| -7 | [ | r__l |
|52 1] |52 it S2) | |t
92 G
(a) (b) ()
fol :
5=§=: Signal Waveguide - WDM
| t | source/target waveguide

MRR — Signal
path

Figure 1.2: Illustrations of WDM- and MRR-based WRONoCs. (a) WDM-based
WRONoCs use WDM waveguides. (b) MRR-based WRONoCs use waveguides and MRRs.
(c) The waveguide g connects the signal source s; and target ¢;, and the waveguide go
connects the signal source sy and target to. The orange MRR has the resonant wavelength
Ag. Thus, the orange signal path with A is switched by this MRR from g; to go, while
the red signal path with the wavelength A; remains in g;.

Furthermore, MRRs can be categorized by their switching mechanisms into

crossing switching elements (CSEs) and parallel switching elements (PSEs) [13].
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A CSE consists of an MRR near a waveguide crossing, as shown in Figure 1.3(a),
while a PSE consists of an MRR between two parallel waveguides without waveguide

crossings, as shown in Figure 1.3(b).

:51: :tz: :Sl: :tz:
| | S —_— [_ — _1I.___.
=1 I I
I I I I
ot e P
i 161 e
CSE PSE
(a) (b)
5 s .
';::: Signal Waveguide MRR
| t | source/target

Figure 1.3: Ilustrations of MRRs. (a) A CSE consists of an MRR near a waveguide
crossing. (b) A PSE consists of an MRR between two parallel waveguides without waveg-
uide crossings.

In WRONoC designs, wavelengths of optical signals should be assigned to
avoid signal collisions. Optical signals from a source to different targets and from
different sources to a target should use different wavelengths. In other words, optical
signals in a waveguide should use different wavelengths. Moreover, optical signals

switched by an MRR should use the resonant wavelengths of this MRR.

The WRONoC design process consists of topology design [5,9,16,17,27] and
physical design [1,2,7,35]. The topology design finds logical connections among
signal pins and optical devices and assigns wavelengths to optical signals, while the
physical design places optical devices and routes waveguides at physical locations

on the photonic layer.

During optical signal transmissions, the signal power is degraded by the in-

sertion loss. To ensure signal integrity, the signal power at every signal target should
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be above detection sensitivity. Thus, the required laser power is determined by the
worst insertion loss in a WRONoC. Furthermore, the insertion loss occurs when opti-
cal signals traverse MRRs and waveguide crossings [10]. Since CSEs have waveguide

crossings, CSEs incur more insertion losses than PSEs.

1.2 Previous Works

Recent works have addressed various challenges of WRONoC designs. Sec-
tion 1.2.1 reviews crossing-aware WRONoC design methods. Section 1.2.2 reviews
O-E codesign methods. Finally, Section 1.2.3 reviews MRR-based WRONoC topo-

logical and physical codesign methods.

1.2.1 Crossing-Aware WRONoC Design Methods

For crossing-aware WRONoC design methods, Chuang et al. [8] proposed a
WRONOoC physical design flow to guarantee optimal solutions in waveguide crossings
for planar WRONoC topologies. Zheng et al. [34] proposed a PSE-based WRONoC
topology to reduce MRR usage and insertion loss. Kao et al. [15] proposed a
WRONoC topology design flow using PSE structures to minimize the MRR usage

and number of waveguide crossings.

1.2.2 O-E Codesign Methods

For O-E codesign methods, Ding et al. [11] proposed the first O-E inter-
connect router and a WDM model to optimize power consumption and thermal
reliability. Liu et al. [18] proposed an O-E routing framework for the WDM ar-
chitecture to minimize power consumption. Lu et al. [20] proposed a thermal- and
WDM-aware O-E routing codesign flow to minimize power consumption, thermal

impact, and routing congestion. However, as shown in Figure 1.4(a), these methods

doi:10.6342/NTU202503210



consider WDM-based WRONoCs and may not apply to MRR-based WRONoCs due

to different WRONoC architectures.

o ]
(511 1l3)
o ] T
|5p) ( — | |52
r__l [ |
153 6]
(@)
Three MRRs
r__l r__l
151] 183
[ |
| S2]
i | i |
53] 1t
(©)
Is Signal .
::==: & Waveguide
L t | source/target

(b)

WDM
waveguide

MRR

Figure 1.4: Tllustrations of different WRONoC architectures and optical resource usages.
(a) The O-E codesign methods for WDM-based WRONoCs may not apply to MRR-based
WRONoCs. (b) The MRR-based WRONoC topological and physical codesign methods
may incur excessive optical resource usage. (¢) Our methods enable scalable O-E codesign
for MRR-based on-chip signal transmissions to reduce optical resource usage.

1.2.3 MRR-Based WRONoC Topological and Physical Codesign Meth-

ods

For MRR-based WRONoC topological and physical codesign methods, Trup-

pel et al. [29] proposed WRONoC physical layout templates and the first integer
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linear programming (ILP) model for topological and physical codesign to minimize
optical power. Lu et al. [21] proposed a WRONoC topological and physical code-
sign flow and an ILP-based wavelength assignment scheme to minimize the worst
insertion loss and laser power, but their work incurs more MRRs. Zheng et al. [33]
proposed ILP models for mesh-based networks to minimize optical power. However,
as shown in Figure 1.4(b), these methods may not apply to large-scale electrical
designs due to the prohibitive runtimes of ILP formulations or excessive optical

resource usages.

1.3 Motivations
The drawbacks of the previous works are summarized as follows:
e The O-E codesign methods [11,18,20] do not consider MRR-based WRONoCs.

e The MRR-based WRONoC topological and physical codesign methods [21,29,

33] lack the scalability for electrical designs.

Therefore, as shown in Figure 1.4(c), this thesis intends to remedy these
drawbacks. For the first drawback, we enable scalable O-E codesign for MRR-
based on-chip signal transmissions to reduce optical resource usage. For the second
drawback, we propose crossing-aware and efficient design methods for large-scale

MRR-based on-chip designs.

1.4 Our Contributions

The main contributions of this thesis are summarized as follows:

e We propose the first O-E codesign flow for MRR-based on-chip signal trans-

missions to minimize power consumption with high efficiency.
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e We propose scalable WRONoC topology building blocks (TBBs) and a novel
bipartite graph-based net clustering algorithm to reduce optical resource us-

age. This algorithm considers clustering candidates for MRR-based WRONoCs.

e We propose a crossing-aware dynamic programming (DP)-based TBB con-
struction algorithm to minimize the number of CSEs. This algorithm can

demonstrate the effectiveness of its crossing awareness.

e We propose an efficient TBB-based wavelength assignment algorithm to min-
imize wavelength usage. This method does not use an ILP and can apply to

large-scale MRR-based WRONoC designs.

e Experimental results show that our work significantly outperforms state-of-

the-art work in power consumption.

1.5 Thesis Organization

The remainder of this thesis is organized as follows: Chapter 2 introduces the
insertion loss, power model, and problem formulation. Chapter 3 presents our pro-
posed TBBs and proves their applications. Chapter 4 presents our design flow and
methods. Chapter 5 reports our experimental setup and results. Finally, Chapter 6

concludes this thesis and provides future research directions.
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Chapter 2

Preliminaries

This chapter first introduces the insertion loss and power model, and then formulates

the MRR-based on-chip O-E codesign problem addressed in this thesis.

2.1 Insertion Loss

The components of insertion loss for MRR-~-based WRONoCs are modeled as
follows [21]:

e Drop loss: A drop loss occurs when an optical signal is switched by an MRR.
The typical drop loss value is 0.5dB per MRR drop and is the largest among

these components.

e Through loss: A through loss occurs when an optical signal traverses an MRR
and is not switched by this MRR. The typical through loss value is 0.005dB
per MRR through.

e Crossing loss: A crossing loss occurs when an optical signal traverses a waveg-

uide crossing. The typical crossing loss value is 0.15dB per waveguide crossing.

e Bending loss: A bending loss occurs when an optical signal traverses a waveg-

uide bend. The typical bending loss value is 0.005dB per waveguide bend.

doi:10.6342/NTU202503210
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e Propagation loss: The propagation loss occurs when an optical signal traverses
a waveguide. The typical propagation loss value is 1.5dB per centimeter and

is proportional to the waveguide length.

For example, the orange signal path in Figure 2.1 is switched by the MRR 71,
traverses the MRR r5 and is not switched by 7o, and traverses a waveguide crossing
and a waveguide bend. Thus, this signal path incurs one drop loss, one through

loss, one crossing loss, one bending loss, and the propagation loss.

- [ |
it
rn L
/ [ . Propagation
loss

N NN

Drop Through Crossing Bending
loss loss loss loss
s

S Signal
t

MRR — Signal
source/target

Waveguide path

I==1" "1

Figure 2.1: The orange signal path incurs one drop loss, one through loss, one crossing
loss, one bending loss, and the propagation loss.

Besides, since CSEs have waveguide crossings and incur more crossing losses
than PSEs, the number of CSEs should be reduced to minimize insertion loss. More-
over, the two signal paths switched by a CSE incur two and zero crossing losses. For
example, the orange signal path from the source s; to the target ¢o in Figure 2.2(a)
traverses a waveguide crossing, is switched by a CSE, and traverses the waveguide
crossing. Thus, this signal path incurs two crossing losses. In contrast, the orange
signal path from the source sy to the target ¢; in Figure 2.2(b) is switched by the

CSE. Thus, this signal path incurs zero crossing losses.
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The two signal paths switched by a CSE incur two and zero crossing losses.

(a) The orange signal path from the source s; to the target ty incurs two crossing losses.
(b) The orange signal path from the source sy to the target ¢; incurs zero crossing losses.

2.2 Power Model

The power consumption for the O-E codesign consists of optical and electrical

power [20].

The components of optical power are modeled as follows [1,25]:

e Laser power: The laser power Py is related to the worst insertion loss and

wavelength usage and is determined as follows:

L+D

P, =10"10 N, (2.1)

where L, D, and N, denote the worst insertion loss, detection sensitivity, and

wavelength usage, respectively.

e (De)Modulator power: The (de)modulator power Py is proportional to the

wavelength usage and is determined as follows:

PM :pmNA, (22)

where p,, denotes the (de)modulation power per (de)modulator.
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e MRR thermal tuning power: The MRR thermal tuning power Pr is propor-

tional to the MRR usage and is determined as follows:
PT = ptN'm (23)

where p; and N, denote the thermal tuning power per MRR and MRR usage,

respectively.
The component of electrical power is modeled as follows [18]:

e Dynamic power: The dynamic power Pp is related to the wirelength and is
determined as follows:

Pp = afV?C, (2.4)

where a, f, V, and C' denote the switching activity, system frequency, supply
voltage, and wire capacitance, respectively. This capacitance is proportional

to the wirelength.

Therefore, the number of CSEs, worst insertion loss, wavelength usage, MRR

usage, and wirelength should be reduced to minimize power consumption.

2.3 Problem Formulation

We formulate the MRR-based on-chip O-E codesign problem addressed in

this thesis as follows:

Problem 1 (MRR-Based On-Chip O-E Codesign Problem). Given an electrical
netlist and an electrical placement result, find an optical device placement result
and both optical and electrical routing results to minimize power consumption while

collision-free signal transmissions are satisfied.
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Chapter 3

Our Proposed Topology Building Blocks

This chapter first presents our proposed TBBs and then proves their applications.

In this thesis, we use the following terminologies:

e An N, x N, size denotes the size of a WRONoC topology with N, signal sources

and N, targets.

e An O and an I denote a signal source and a target, respectively, in a location

order of signal pins.

e A two-three combination (TTC) denotes a nonnegative integer linear combi-
nation of two and three. Furthermore, a three-exclusive integer denotes an

integer that cannot contain a positive integer linear combination of three in

its TTC.

e A two-major topology and a three-major topology denote a WRONoC topol-
ogy constructed by maximally composing the TBBs with two and three signal

sources/targets, respectively.

3.1 Topology Building Blocks

As shown in Figure 3.1, we propose seven TBBs with various location orders

of signal pins and sizes of WRONoC topologies, and we call each TBB by its location

13
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order. For example, a counterclockwise location order from the top left signal pin
in Figure 3.1(a) is OOI1. Similarly, a 2 x 3 TBB can be constructed by exchanging
the signal sources and targets in a 3 x 2 TBB. Moreover, a WRONoC topology of
any size can be constructed by composing the TBBs with the matching numbers of
signal sources and targets in this topology, as shown in Figure 3.2. For example, 4 x 2
signal nets are given in Figure 3.2(a). A WRONoC topology can be constructed by
composing two 2 x 2 TBBs b; and by, highlighted in the top and bottom red dashed
boxes in Figure 3.2(b), respectively, because two times the two signal sources in
each TBB match the four signal sources in this topology. Note that signal pins are
on the electrical layers, and that multiple waveguides connected to a signal pin are
not directly connected to this pin. In contrast, these waveguides are connected to

the electrical layers and connected to this pin by wires.
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Figure 3.1: Our proposed TBBs. (a) The 2 x 2 TBB OOII. (b) The 2 x 2 TBB OIOI.
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(¢) The 3 x 2 TBB OOOII. (d) The 3 x 2 TBB OOIOI. (e) The 3 x 3 TBB OOOIII.

(f) The 3 x 3 TBB OOIOII. (g) The 3 x 3 TBB OIOIOI.
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Figure 3.2: An example of composing our proposed TBBs. (a) 4 x 2 signal nets are given.
(b) A WRONoC topology can be constructed by composing two 2 x 2 TBBs b; and bo,
highlighted in the top and bottom red dashed boxes, respectively.

Furthermore, the TBBs have the following advantages for scalable WRONoC

designs:

e Asshown in Table 3.1, the switching mechanisms of the MRRs and wavelength
assignment in every TBB can be determined. For example, Figure 3.3 shows
the wavelength assignment in the TBB OOII. Therefore, the TBBs can have

efficient lookup tables in the design process.

e Every TBB requires a minimal number of CSEs without waveguide detours.
Since CSEs incur more crossing losses than PSEs, the number of CSEs should
be reduced to minimize insertion loss. Therefore, the TBBs can have advan-

tages for minimizing the number of CSEs and insertion loss.

e Each signal path in every TBB requires at most one MRR drop in this TBB.

Since the drop loss value is the largest among the components of insertion
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loss, the number of MRR drops in a signal path should be reduced to mini-
mize insertion loss. Therefore, the TBBs can have advantages for minimizing

insertion loss.

e Every TBB achieves the minimum wavelength usage for the size of this TBB.
Since signal paths from a source to different targets and from different sources
to a target should use different wavelengths, the minimum wavelength usage
in a WRONoC topology is the larger number of signal sources and targets
in this topology. Therefore, the TBBs can have advantages for minimizing

wavelength usage.

e The optical resource usage in a WRONoC topology can be determined accord-
ing to the size of this topology. Since a WRONoC topology can be constructed
by composing the TBBs, the optical resource usage in this topology is the sum
of that in each TBB. For example, a 4 x 2 WRONoC topology is constructed
by two 2 x 2 TBBs in Figure 3.2(b). The number of waveguides and MRR
usage in each TBB are two and one, respectively. Thus, the number of waveg-
uides and MRR usage in this topology are two times those in each TBB, four
and two, respectively. Therefore, the TBBs can efficiently construct scalable

WRONoC topologies.

Table 3.1: A summary of the switching mechanisms of the MRRs and wavelength
usages in our proposed TBBs.

TBB #CSEs | #PSEs | Wavelength usage

OO0I1 1 0 2

OIO0I1 0 1 2
0O0O0I1 2 0 3
00101 1 1 3
O0O0III 3 0 3
001011 1 2 3
OI0IOI 0 3 3
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Figure 3.3: The wavelength assignment in the TBB OOI1. (a) The orange MRR uses the
wavelength Ao. The red signal path from the source s; to the target ¢; uses the wavelength
A1, while the orange signal path from s; to the target to uses the wavelength Ag. (b) The
red signal path from the source ss to to uses Ai, while the orange signal path from s to
t1 uses \o.

3.2 Applications of Topology Building Blocks

We prove that the TBBs can apply to any WRONoC topologies as follows:
Theorem 1. Our proposed TBBs can apply to any physical location of signal pins.

Proof 1. We transform a WRONoC topology into a counterclockwise location order
of signal pins in this topology. A location order can be reduced by circular shifting
and reversing it, and circular shifting and reversing a location order correspond to
rotating and mirroring a WRONoC' topology, respectively. Then, a 2 x 2 location
order can be reduced to OOII or OIOI. For example, the location order OIIO
can be reduced to OOII by circular shifting it to the right by one signal pin, and
the location order I1OO can also be reduced to OOII by reversing it. Similarly, a
3 x 2 location order can be reduced to OOOII or OOIOI, and a 3 x 3 location order
can be reduced to OOOIII, OOIOII, or OIOIOI. Thus, 2 x 2, 3 x 2, and 3 X 3
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WRONoC topologies can correspond to the TBBs. Therefore, the TBBs can apply

to any physical location of signal pins.
Theorem 2. Our proposed TBBs can apply to WRONoC' topologies of any size.

Proof 2. We consider three intervals in the number of signal sources/targets. For
any positive integer smaller than two, a WRONoC' topology with one signal source/
target s trivially an optical net and does not use MRRs. For any integer between
two and three, the TBBs can apply to WRONoC topologies with two or three signal
sources/targets. For any integer larger than three, this integer N can be represented
as a TTC, N = 2x + 3y with x,y € Z*. For example, given N = 4, we have
N=2-243-0,z=2, andy=0. Then, a WRONoC topology with any number of
signal sources/targets larger than three can be constructed by composing the TBBs.

Therefore, the TBBs can apply to WRONoC' topologies of any size.
Theorem 3. Our proposed TBBs can apply to any WRONoC topologies.

Proof 3. Since the TBBs can apply to any physical location of signal pins for the
sizes of TBBs and apply to WRONoC topologies of any size, the TBBs can apply to
any physical location of signal pins for any size. Therefore, the TBBs can apply to
any WRONoC topologies.

Besides, we prove that a WRONoC topology can be constructed as a two-/

three-major topology to reduce optical resource usage as follows:

Theorem 4. A WRONoC topology can be constructed as a two-magjor topology if
either the number of signal sources or targets in this topology is three-exclusive, and

otherwise as a three-major topology to reduce optical resource usage.

Proof 4. Given an Ny x Ny WRONoC topology, Ny and Ny can be represented as

TTCs, Ny, = 2x4 + 3y and N; = 2x; + 3y, with xg, Yy, x¢,y; € Z+. For a two-major
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topology, since this topology is constructed by mazximally composing the TBBs with
two signal sources/targets, we have x5 > ys and x; > y,. Thus, we neglect ys and
Y, and we have xs = Ng/2 and x; = N;/2. The number of composed 2 x 2 TBBs
in this topology is Ns/2 - Ni/2 because Ng/2 times the two signal sources in each
TBB match the Ny signal sources in this topology, and N;/2 times the two signal
targets in each TBB match the N; signal targets in this topology. Then, the number
of waveguides and MRR usage in this topology are NN, /4 times those in each TBB,
NsN; /2 and NgNy¢/4, respectively.

For a three-major topology, similarly, we have ys > x5 and y; > xy. Thus, we
neglect x5 and x;, and we have ys = Ng/3 and y, = N;/3. The number of composed
3x 3 TBBs in this topology is Ns/3-Ny/3 because Ng/3 times the three signal sources
in each TBB match the Ny signal sources in this topology, and N;/3 times the three
signal targets in each TBB match the N; signal targets in this topology. Then,
the number of waveguides and MRR usage in this topology are NyN;/9 times those
in each TBB, Ny¢N;/3. Since more MRRs are shared in the three-major topology
to reduce the number of waveguides, the optical resource usage in the three-major

topology 1s smaller than that in the two-major topology.

However, if either Ny or N; is three-exclusive, either ys = 0 or y, = 0,
this topology cannot be constructed as the three-major topology. For example, given
Ny = 4, we have Ny = 2-2+4+3-0 and y; = 0. Therefore, this topology can
only be constructed as the two-major topology if either Ny or N; is three-exclusive.
Otherwise, this topology can be constructed as the three-major topology to reduce

optical resource usage.
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Chapter 4

Proposed Algorithms

This chapter first presents an overview of our design flow and then details our
methods. Asshown in Figure 4.1, our design flow consists of the following five stages:
(1) Preprocessing, (2) Net Clustering, (3) Optical Device Placement, (4) Net Routing,
and (5) Wavelength Assignment. In Preprocessing, an optical netlist is constructed.
In Net Clustering, optical nets are clustered. In Optical Device Placement, WRONoC
topologies are constructed, and MRRs are placed. In Net Routing, optical and
electrical nets are routed, and the CSE placement result is refined. Finally, in
Wavelength Assignment, wavelengths of MRRs and signal paths are assigned. We

detail these five stages in the following sections.

21
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Figure 4.1: Our design flow for the MRR-based on-chip O-E codesign problem.

4.1 Preprocessing

In this stage, given the electrical netlist and placement result, an optical
netlist is constructed according to the wirelength. Since signal nets with long wire-
lengths may incur net crossings and detours on the electrical layers, the signal nets
with wirelengths longer /shorter than a user-defined parameter are assigned as opti-

cal /electrical nets.
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4.2 Net Clustering

In this stage, given the optical netlist from the previous stage, optical nets are
clustered to reduce optical resource usage. We consider optical nets with common
signal targets as a clustering candidate for MRR-based WRONoCs for the following

reasons:

e MRRs can be shared among these nets to reduce optical resource usage.

e The problem size in the number of optical nets can be reduced.

We propose a bipartite graph-based net clustering algorithm to identify these
clustering candidates. First, we transform the optical netlist into a bipartite graph
with two vertex sets represented by signal sources and targets, and an edge set
represented by optical nets. Then, a clustering candidate forms a bipartite subclique
in this bipartite graph, as shown in Figures 4.2(a) and (b). Second, the common
signal sources of each of the two signal targets are identified because more common
signal sources can be identified from fewer signal targets to reduce the problem size
in the number of optical nets. For example, optical nets are given in Figures 4.2(a)
and (b). For the two signal targets ¢; and ¢, the common signal sources s; and sg
are identified. Similarly, for the two signal targets ¢; and 3, s; and s, are identified.
For the two signal targets ¢, and t3, the common signal sources s;, ss, and sz are

identified.
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Figure 4.2: An example of our net clustering algorithm. (a) Given optical nets, the
maximal bipartite subclique ¢, highlighted in the red dashed box, is identified. (b) The
maximal bipartite subclique g2, highlighted in the red dashed box, is identified. (c¢) The
optical nets in g9 are clustered, while those in ¢g; are not.

Third, the common signal targets of these signal sources are identified to
ensure the maximality of the bipartite subclique. For example, for the signal sources
s1 and so, the common signal targets t1, o, and t3 are identified. Thus, the maximal
bipartite subclique ¢; containing sq, ss, t1, t2, and t3, highlighted in the red dashed
box in Figure 4.2(a), is identified. For the signal sources sy, $3, and s3, the common
signal targets to and t3 are identified. Thus, the maximal bipartite subclique ¢
containing si, Se, S3, to, and t3, highlighted in the red dashed box in Figure 4.2(b),

is identified.

Finally, the bipartite subcliques are ordered in the descending number of

signal sources in each bipartite subclique to reduce the problem size in the number
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of optical nets. Optical nets in each bipartite subclique are clustered only if signal
sources corresponding to these nets have not been clustered to avoid redundant
optical resource usage, as shown in Figure 4.2(c). Then, the optical nets are assigned
as electrical nets if they are not clustered. For example, since ¢; and ¢s contain two
and three signal sources, respectively, these bipartite subcliques are ordered in ¢
and g;. Then, the optical nets in ¢s in Figure 4.2(c) are clustered, while those in ¢
are not because the signal sources s; and ss in ¢; have been clustered. Note that
WRONoC topologies in net clusters have not been determined. In contrast, they

will be determined in subsequent topology construction.

Besides, we assume that the number of connected signal targets/sources of
a signal source/target is a constant because a signal net may only connect to a few
signal pins in practical netlists. Therefore, the time complexity of this algorithm is

O(n?), where n denotes the number of given signal pins.

4.3 Optical Device Placement

In this stage, given the net clusters from the previous stage, WRONoC
topologies are first constructed to minimize the number of CSEs, and then MRRs
with their switching mechanisms are placed. This stage consists of the following two

steps: (1) Topology Construction and (2) Sequence Construction.

4.3.1 Topology Construction

In this step, since WRONoC topologies can be constructed by composing
the TBBs, we propose a crossing-aware DP-based TBB construction algorithm to
minimize the number of CSEs. First, since any integer larger than one can be rep-
resented as a TTC, and a WRONoC topology can be constructed as a two-/three-

major topology to reduce optical resource usage, we determine the number of com-
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posed TBBs in each net cluster. Given an m. X n. net cluster, m. and n. can be
represented as TTCs, m, = 2z, + 3y, and n, = 2z, + 3y; with z,, ys, 2, y; € Z7.
Then, the numbers of composed 2 x 2, 2 x 3, 3 x 2, and 3 x 3 TBBs in this net
cluster are wgxy, Ty, ysvy, and ysy;, respectively. For a two-major topology, if m,

is three-exclusive, the TTCs are determined as follows:

g = —. 4.1
=" (11)
ys = 0. (4.2)

Be if n, d2=0,

% — 1 otherwise.
0 if n,mod2=0,

— 4.4
v {1 otherwise. (44)

Similarly, if n. is three-exclusive, the TTCs are determined by exchanging the m,
and n., exchanging the x4 and z;, and exchanging the y; and y; in Equations (4.1),

(4.2), (4.3), and (4.4).

For a three-major topology, the TTCs are determined as follows:

0 if m,mod 3 =0,
Ts =42 ifm.mod3=1, (4.5)

1 otherwise.

e —1 ifm.mod3 =1,
Ys =\ m .
e otherwise.

0 if n, mod 3 =0,
Ty =142 ifn.mod3=1, (4.7)

1 otherwise.

3
Ne

3

(4.8)

otherwise.

e —1 ifn.mod3 =1,
Yy =

For example, an m, x n, WRONoC topology with m. = 4 and n. = 2 is given

in Figure 3.2(b). Since m,. and n. are three-exclusive, this topology is constructed
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as a two-major topology, and we have n. mod 2 = 2mod 2 = 0. Thus, we have
ry=4/2 =2, ys =0, 2y, = 2/2 =1, and 3y = 0. Then, the numbers of composed
2x2 2x3,3x2 and 3 x 3 TBBs in this net cluster are z,x;, = 2 -1 = 2,

sy =2-0=0, ysx;, =0-1=0, and y,y; = 0- 0 = 0, respectively.

Second, for each net cluster, the signal pins are ordered in the counterclock-
wise location of each pin with respect to the bounding box center of these pins. We
enforce that a TBB is only formed by consecutive signal sources/targets in the loca-
tion order because these sources/targets can incur minimized angle overlaps among
these TBBs to avoid waveguide crossings. Finally, TBBs are constructed by DP
to minimize the number of CSEs. In this DP, lookup tables of the TBBs are con-
structed, as shown in Figure 4.3(a). The lookup table of each WRONoC topology
with a larger size is constructed from those with smaller sizes, and then that of this
net cluster is constructed. For example, signal pins in an m. X n. net cluster are
given in Figure 4.3(a). The 2 x 2, 2 x 3, 3 x 2, and 3 x 3 grey lookup tables of the
TBBs are constructed. The 2 x n. lookup table is constructed from the 2 x N; table
with 1 < N; < n.. Similarly, other tables and the m. x n. orange lookup table of

this net cluster are constructed.
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Figure 4.3: An example of our TBB construction algorithm. (a) Given signal pins in an
me X ne net cluster, the grey lookup tables of the TBBs are constructed by DP. The lookup
table of each WRONoC topology with a larger size is constructed from those with smaller
sizes, and then the orange lookup table of this net cluster is constructed. (b) In the 2 x 2
lookup table, highlighted in the red dashed box, the TBB b; with one CSE is formed by
the consecutive signal sources s; and so and consecutive targets ¢; and to, while the TBB
bs with zero CSEs is formed by the consecutive signal sources so and s3 and consecutive
targets t; and 9. Similarly, other TBBs are formed. Then, a WRONoC topology with
the fewest CSEs is chosen.

In each lookup table, each TBB is formed by consecutive signal sources/targets
in the location order with respect to the bounding box center of these sources/targets,

as shown in Figure 4.3(b). Then, a WRONoC topology with the fewest CSEs is cho-
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sen. For example, in the 2 x 2 lookup table, highlighted in the red dashed box in
Figure 4.3(b), the TBB b; with one CSE is formed by the consecutive signal sources
s1 and so and consecutive targets t; and ty, while the TBB by, with zero CSEs is
formed by the consecutive signal sources s, and s3 and consecutive targets t; and

to. Similarly, other TBBs are formed.

We construct the lookup table of each WRONoC topology only if each of the
numbers of signal sources and targets in this topology is contained in its TTC. For
example, given an m, X n, net cluster with m. = n, = 4, we have m, = n, = 2-243-0.
Thus, the TTCs of m, and n. contain zero, two, and four. Then, only 2 x 4 and

4 x 2 lookup tables, besides those of the TBBs and this net cluster, are constructed.

Besides, given an m, x n. net cluster, O(m.n..) lookup tables are constructed,
and O(m.n.) time is required for each lookup table. Moreover, we assume that the
number of net clusters is bounded by O(n) because a net cluster may only contain
a constant number of signal pins. Therefore, the time complexity of this algorithm
is O(nm?n?). Since m, and n,. are constants with respect to n, this time complexity

is linear in the number of given signal pins.

4.3.2 Sequence Construction

In this step, MRRs are first placed, and then sequences of MRRs are con-
structed to represent the TBBs. First, each MRR is placed at the bounding box
center of signal pins corresponding to this MRR because this MRR can be placed
near the routing region center to facilitate subsequent waveguide routing. Second, we
combine the MRR sequence model [6] and the add-drop filter sequence model [15] to
represent the TBBs because these models have great flexibility to describe WRONoC
topologies of any size. In these models, a sequence of MRRs corresponding to each

signal path is constructed to describe the connection order of these MRRs. Since the
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MRR and add-drop filter sequence models consider CSEs and PSEs, respectively,
we combine these models by representing both CSEs and PSEs in these models.
Then, each sequence of the CSEs/PSEs is ordered in the ascending distance from

the signal source corresponding to each CSE/PSE.

4.4 Net Routing

In this stage, given the WRONoC topologies and MRR placement result from
the previous stage, optical and electrical nets are first routed to minimize insertion
loss and wirelength, respectively. Then, the CSE placement result is refined to
reduce insertion loss. This stage consists of the following two steps: (1) Crossing-

Aware Routing and (2) Crossing Refinement.

4.4.1 Crossing-Aware Routing

In this step, optical and electrical nets are routed to minimize insertion loss
and wirelength, respectively. For optical net routing, we adopt the crossing-aware
edge routing [15] to minimize insertion loss because this method can effectively min-
imize the number of waveguide crossings. In this method, the number of waveguide
crossings is calculated based on access points on routing grid edges, and an A*-search
is used to minimize insertion loss. The optical cost function Fp in this A*-search is

determined as follows:
FO = OéLc—i-BLB—l-’YLp—i-GLg, (49)

where L¢o, L, Lp, and Lg denote the crossing loss, bending loss, propagation loss,
and estimated waveguide length, respectively, and «, (3, v, and € denote user-defined

weights.

For electrical net routing, we adopt the A*-search-based routing [20] to min-
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imize wirelength. The electrical cost function Fg in this A*-search is determined as

follows:

Fg = (W + npa, (4.10)

where W and p,; denote the wirelength and estimated dynamic power, respectively,

and ¢ and 7 denote user-defined weights.

4.4.2 Crossing Refinement

In this step, since the two signal paths switched by a CSE incur two and
zero crossing losses, the CSE placement result is refined to reduce insertion loss.
Each CSE is placed to match the signal path corresponding to this CSE with a
smaller/larger insertion loss to two/zero crossing losses. Thus, this CSE can incur

a minimized insertion loss.

4.5 Wavelength Assignment

In this stage, given the waveguide routing result from the previous stage,
wavelengths of MRRs and signal paths are assigned to minimize wavelength usage.
Since the wavelength assignment of every TBB can be determined and every TBB
achieves the minimum wavelength usage for the size of this TBB, we propose an
efficient TBB-based wavelength assignment algorithm to minimize wavelength us-
age. First, for each net cluster, we order the signal source and target sets in each
TBB into rows and columns, respectively. Second, a wavelength set is assigned to
each TBB to minimize the number of wavelength sets. Since signal paths from a
source to different targets and from different sources to a target should use different
wavelengths, wavelength sets in each row/column should be different, as shown in
Figure 4.4(a). In other words, wavelength sets in a row/column can be assigned as

those in a different row/column with circular shifts. Then, the index of wavelength
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set 15 corresponding to each TBB is determined as follows:
in = (is + ir) mod max{ng, nr}, (4.11)

where g, 17, ng, and nr denote the index of signal source set in this TBB, index of
signal target set in this TBB, number of signal source sets in this net cluster, and
number of signal target sets in this net cluster, respectively. Besides, the required
number of wavelength sets is max{ng, nr}. For example, the signal source sets S,
So, and S3 and target sets T, Ty, and T3 in nine TBBs in a net cluster are given in
Figure 4.4(a). In the TBB b; containing S; and 7}, highlighted in the red dashed
box, we have ig = ip = 0, ng = ny = 3, and iy, = (04 0) mod max{3,3} = 0. Thus,

the wavelength set A; is assigned to b;. Similarly, wavelength sets are assigned to

other TBBs.
by
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Figure 4.4: An example of our wavelength assignment algorithm. (a) Given the signal
source sets S1, S9, and S3 and target sets 17, 1>, and T3 in nine TBBs in a net cluster,
wavelength sets A1, Ao, and Ag are assigned to these TBBs. (b) In the TBB b; correspond-
ing to Sy, 11, and Ay, highlighted in the red dashed box, the wavelengths A1, Ao € Ay are
assigned to MRRs and signal paths corresponding to the signal sources si,s9 € S; and
targets t1,to € 11 in this TBB.

Finally, the wavelengths in the wavelength set corresponding to each TBB
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are assigned to MRRs and signal paths in this TBB to minimize wavelength usage,
as shown in Figure 4.4(b). Since every TBB uses at most three wavelengths, a
wavelength set contains three wavelengths. Only two wavelengths in the wavelength
set corresponding to each TBB are assigned if this TBB uses two wavelengths. For
example, the signal sources si,s, € S7 and targets ti,t5 € 17 in b; are given in
Figure 4.4(b). A; contains the wavelengths A;, Ay, and A3. Then, \; is assigned to
the signal paths from s; to ¢; and from s, to ¢y, while \; is assigned to the MRR

and signal paths from s; to t5 and from s, to ty.
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Chapter 5

Experimental Results

In this chapter, Section 5.1 reports our experimental setup. Then, Section 5.2

reports and discusses our experimental results.

5.1 Experimental Setup

We implemented our design flow in the C++ programming language and
conducted experiments on an Intel Xeon 3.5GHz workstation with 72GB memory.
Benchmarks were derived from nine testcases of the ISPD 2019 contest [19]. We
compared our work with the state-of-the-art O-E codesign work, ThermalO-E [20].
ThermalO-E considers WDM-based WRONoCs and minimizes power consumption.
For a fair comparison, we set the insertion loss values, power model, and prepro-
cessing parameter the same as those in ThermalO-E. Since ThermalO-E does not
consider the through loss for MRR-based WRONoCs, we set the through loss value
the same as in the state-of-the-art MRR-based WRONoC topological and physical

codesign work [33].

Furthermore, since ThermalO-E and our work consider different WRONoC
architectures, we developed a baseline algorithm to ensure a fair comparison for
MRR-based WRONoCs. In this baseline algorithm, we implemented the same Pre-

processing and Net Routing methods as those in ThermalO-E, while we adopted

34
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the same Net Clustering and Wavelength Assignment methods as those in our work
because those methods in ThermalO-E may not apply to MRR-based WRONoCs.
For Optical Device Placement, TBBs were constructed according to the indices of

signal pins.

5.2 Results

To evaluate the effectiveness and efficiency of our work, we conducted five
experiments. Section 5.2.1 evaluates the power consumption and runtime. Sec-
tion 5.2.2 evaluates the number of CSEs. Section 5.2.3 analyzes the MRR usage,
wavelength usage, and runtime. Section 5.2.4 studies the crossing awareness. Sec-
tion 5.2.5 breaks down the runtime. Finally, Section 5.2.6 discusses our experimental

results.

5.2.1 Comparisons of the Power Consumption and Runtime

In the first experiment, we evaluated the power consumption and runtime,
and compared our work with ThermalO-E and the baseline algorithm. As shown
in Table 5.1, our work achieved an 8.1% and a 43.9% reduction in power consump-
tion compared with ThermalO-E and the baseline algorithm, respectively, within a

reasonable runtime.

Our work can reduce power consumption because our Optical Device Place-
ment method effectively minimizes the number of CSEs, and our Net Routing
method effectively minimizes the number of waveguide crossings. Thus, the laser
power can be reduced. In contrast, the baseline algorithm does not minimize the
number of CSEs, and ThermalO-E and the baseline algorithm do not minimize the

number of waveguide crossings.
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Table 5.1:  Comparisons of the power consumption (W) and runtime (sec) for

ThermalO-E [20], the baseline algorithm, and our work.

Benchmark ThermalO-E || Baseline algorithm Ours
Power | Time || Power |  Time Power | Time
Casel 1.33 | 55.71 1.76 6.66 1.22 6.40
Case2 4.53 | 31.27 | 9.85 96.75 4.39 95.48
Case3 4.57 2.76 7.67 8.34 4.21 7.26
Case4 5.88 7.53 6.62 17.67 5.26 17.52
Caseb 3.09 | 13.54 || 5.66 8.77 3.23 7.55
Caseb 11.56 | 9.54 13.85 220.18 10.71 | 207.39
CaseT7 12.13 | 8.37 16.60 64.06 11.17 | 62.72
Case8 45.21 | 39.28 || 71.73 304.31 40.75 | 294.32
Case9 15.88 | 33.33 || 43.70 66.57 14.64 | 56.33
| Comparison || 1.09 [ 1.39 || 1.78 | 1.07 || 1.00 | 1.00 |

5.2.2 Comparison of the Number of CSEs

In the second experiment, we evaluated the number of CSEs and compared

our work with the baseline algorithm because ThermalO-E does not consider MRR-

based WRONoCs. As shown in Table 5.2, our work achieved a 5.5% reduction in

the number of CSEs compared with the baseline algorithm.

Our work can reduce the number of CSEs because our Optical Device Place-

ment method effectively minimizes the number of CSEs. In contrast, the baseline

algorithm does not minimize the number of CSEs. Therefore, our work can demon-

strate the high effectiveness of our crossing-aware TBB construction algorithm.
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Table 5.2: A comparison of the number of CSEs for the baseline algorithm and our
work.

Baseline algorithm Ours
Benchmark 7 CSEg)s 7CSEs
Casel 150 146
Case2 4325 4017
Case3 782 767
Case4d 218 218
Cased 84 77
Caseb 5231 4851
Case7 4364 4058
Case8 5886 5458
Case9 6499 6030
’ Comparison H 1.06 H 1.00 ‘

5.2.3 Empirical Analyses of the MRR Usage, Wavelength Usage, and
Runtime

In the third experiment, we evaluated the MRR usage, wavelength usage,
and runtime, and analyzed our work based on the benchmarks, our proposed TBBs,
and net clusters. As shown in Figure 5.1, the MRR usage, wavelength usage, and
runtime of our work are plotted as functions of the number of given signal pins.
Empirically, the MRR usage, wavelength usage, and runtime of our work approach

0

linear (about n%?, n%3, and n®®, respectively) to the number of given signal pins n,

with the least square analyses for the log-log plots of these functions.

Theoretically, the MRR usage should be bounded by a quadratic growth in
full-connectivity netlists [6]. Our work can achieve a smaller growth in the MRR
usage because our Net Clustering method effectively reduces optical resource us-
age. For the wavelength usage, since the minimum wavelength usage in a WRONoC
topology is the larger number of signal sources and targets in this topology, the

wavelength usage should be bounded by a linear growth. Our work can achieve a
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similar growth in the wavelength usage because our Wavelength Assignment method
effectively minimizes wavelength usage. For the runtime, the time complexity bot-
tleneck of our methods is bounded by a quadratic time in Net Clustering. Our work
can achieve a smaller growth in the runtime because our Optical Device Placement
and Wavelength Assignment methods are efficient. Therefore, our work can demon-
strate the high efficiency of our crossing-aware TBB construction and wavelength

assignment algorithms and great scalability for the large-scale benchmarks.
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Figure 5.1: Empirical analyses of the MRR usage, wavelength usage, and runtime of our

work are plotted as functions of the number of given signal pins.

(a) Empirical analysis of

the MRR usage. (b) Empirical analysis of the wavelength usage. (c¢) Empirical analysis

of the runtime.
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5.2.4 Ablation Study of the Crossing Awareness

In the fourth experiment, we evaluated the power consumption, number of
CSEs, and runtime, and studied the crossing awareness of our work. We developed
two algorithms without Optical Device Placement crossing awareness (PCA) and
Net Routing crossing awareness (RCA), and compared our work with the baseline
and these algorithms. In the algorithms without PCA and RCA, we adopted the
same Optical Device Placement and Net Routing methods as those in the baseline
algorithm, respectively. As shown in Table 5.3, our work achieved a 43.9%, a 28.5%,
and a 37.2% reduction in power consumption compared with the baseline algorithm,
the algorithm without PCA, and the algorithm without RCA, respectively, and a
5.5% reduction in the number of CSEs compared with the baseline algorithm and

the algorithm without PCA, within a similar runtime.

Our work can reduce the power consumption and number of CSEs compared
with the algorithm without PCA because our Optical Device Placement method
effectively minimizes the number of CSEs. Moreover, our work can reduce power
consumption compared with the algorithm without RCA because our Net Routing
method effectively minimizes the number of waveguide crossings. Thus, the laser
power can be reduced. In contrast, the algorithm without PCA does not minimize
the number of CSEs, and the algorithm without RCA does not minimize the number
of waveguide crossings. Therefore, our work can demonstrate the high effectiveness

of both our crossing-aware TBB construction and net routing algorithms.
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5.2.5 Runtime Breakdown

In the fifth experiment, we evaluated the runtime and analyzed our work
based on the stages in our design flow. As shown in Figure 5.2, our work spent
a 2.2%, a 24.5%, a 2.4%, a 68.5%, and a 2.4% proportion of the runtime in Pre-
processing, Net Clustering, Optical Device Placement, Net Routing, and Wavelength

Assignment, respectively.

Our work spent the largest proportion of the runtime in Net Routing. Theo-
retically, the time complexity of our Net Routing method is linear in the number of
given signal pins. Since the empirical runtime of our work approaches linear (about
n%8) to the number of given signal pins n, the runtime of our work is dominated
by Net Routing and is reasonable. Moreover, our work spent small proportions
of the runtime in Optical Device Placement and Wavelength Assignment because
our Optical Device Placement and Wavelength Assignment methods are efficient.

Therefore, our work can demonstrate the high efficiency of our crossing-aware TBB

construction and wavelength assignment algorithms.
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Figure 5.2: Runtime breakdowns based on the stages in our design flow. (a) Runtime
breakdown for Casel. (b) Runtime breakdown for Case2. (c) Runtime breakdown for
Case3. (d) Runtime breakdown for Case4. (e) Runtime breakdown for Caseb. (f) Runtime
breakdown for Case6. (g) Runtime breakdown for Case7. (h) Runtime breakdown for
Case8. (i) Runtime breakdown for Case9.
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5.2.6 Discussion

We discuss why our work can reduce the power consumption and number of

CSEs with high efficiency as follows:

e Our proposed TBBs minimize the number of CSEs and insertion loss and ef-
ficiently construct scalable WRONoC topologies in Optical Device Placement,
minimize insertion loss in Net Routing, and minimize wavelength usage in
Wavelength Assignment. Thus, the laser and (de)modulator power can be

reduced.

e Our Net Clustering method effectively reduces optical resource usage. Thus,

the MRR thermal tuning power can be reduced.

e Our Optical Device Placement method effectively and efficiently minimizes
the number of CSEs. Thus, the laser power can be reduced. In contrast,
the baseline algorithm and the algorithm without PCA do not minimize the
number of CSEs. Therefore, our work can demonstrate the high effectiveness

and efficiency of our crossing-aware TBB construction algorithm.

e Our Net Routing method effectively minimizes the insertion loss, number of
waveguide crossings, and wirelength. Thus, the laser and dynamic power
can be reduced. In contrast, ThermalO-E, the baseline algorithm, and the
algorithm without RCA do not minimize the number of waveguide crossings.
Therefore, our work can demonstrate the high effectiveness of our crossing-

aware net routing algorithm.

o Our Wavelength Assignment method effectively and efficiently minimizes wave-

length usage. Thus, the (de)modulator power can be reduced. Therefore, our
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work can demonstrate the high efficiency of our wavelength assignment algo-

rithm.

Besides, Figure 5.3 shows the optical and electrical layouts for Casel.

(@)

Figure 5.3: The optical and electrical layouts for Casel. (a) In the optical layout, the
green squares, blue squares, red circles, and black segments denote signal sources, targets,

MRRs, and waveguides, respectively.

denote wires.

(b) In the electrical layout, the black segments
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Chapter 6

Conclusion and Future Work

In this chapter, Section 6.1 concludes our work. Then, Section 6.2 provides future

research directions.

6.1 Conclusion

We have proposed an O-E codesign flow for MRR-based on-chip signal trans-
missions to minimize power consumption with high efficiency. Based on our proposed
scalable TBBs, we have proposed a novel bipartite graph-based net clustering algo-
rithm for MRRs, a crossing-aware DP-based TBB construction algorithm, and an
efficient TBB-based wavelength assignment algorithm. Experimental results have
shown that our work significantly outperforms state-of-the-art work in power con-

sumption.

6.2 Future Work

The following three future research directions may improve the quality of
WRONoC designs: (1) Optical Resource-Driven Design, (2) Congestion-Aware Topol-
ogy Design, and (3) Thermal-Aware Physical Design.

46
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6.2.1 Optical Resource-Driven Design

MRRs may incur a large area on the photonic layer. Then, the area over-
head of excessive MRRs may become a bottleneck for MRR-based on-chip designs.
Therefore, the MRR usage may be constrained in the O-E codesign. For example,
the MRR usage may be reduced for the WRONoC O-E codesign.

6.2.2 Congestion-Aware Topology Design

The TSV congestion may occur when dense optical and electrical signals are
transmitted to the electrical layers and photonic layer, respectively. Moreover, the
routing congestion may occur when dense optical /electrical nets are routed in a rout-
ing region. Then, insufficient routing resources may incur excessive optical/electrical
net detours. Therefore, the TSV and routing congestion may be considered in the
WRONoC topology design. For example, a WRONoC topology with fewer waveg-
uides connected to each signal pin may be adopted to avoid the TSV and routing

congestion.

6.2.3 Thermal-Aware Physical Design

The resonant wavelengths of MRRs may shift due to thermal variations [14].
Then, optical signal paths with high thermal variations may incur excessive MRR
thermal tuning power. Therefore, the thermal variations may be considered in the
WRONoC physical design. For example, in Optical Device Placement, MRRs may
be placed according to the thermal variations. In Net Routing, the optical cost

function in the A*-search may be related to the thermal variations.
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