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In this paper, optical routers play an indispensable role in the ONoCs. The 4 x4, 5x 5, and scalable optical routers based on
Mach-Zehnder interferometer (MZI) and microring resonator (MRR) are proposed. These routers are designed for a deadlock-
free Odd-Even turning model. The four- and five-port and scalable optical routers are extended to improve network performance
and physical-layer parameters for a broad range of silicon nanophotonic multicore interconnection topologies. Compared with
previously reported router designs, these router designs allow quantifying improved system performance parameters in terms of
insertion loss (IL) for well-known photonic interconnection topologies. Simulation results demonstrate that four- and five-port
optical routers utilizing Odd-Even MRR technology significantly enhance network performance over conventional router ar-
chitectures. In particular, within mesh topologies, these routers achieve remarkable reductions in IL, improving by approximately
30.22% and 68.40% compared with standard designs. The routing performance of this router is simulated by the successful
transmission of a 20-Gbps optical signal at the wavelength of 1552 nm for each qualified port from a choice of physical paths.
Moreover, the growth of the number of MRR used in the structure of Odd-Even scalable router design per N I/O ports has been
significantly reduced compared to previous scalable MRR-based designs.

Keywords: microring resonator (MRR); Odd-Even turn model routing; optical switching; scalable optical router

(North, South, East, and West) for internode connectivity,
along with a local port for communication with computing
elements [10].

1. Introduction

Optical networks-on-chip (ONoCs) have emerged as an

innovative type of network-on-chip (NoC) for multipro-
cessor systems-on-chip. While traditional NoCs rely on
electrical communication for data transmission, ONoCs
utilize optical communication as an eflicient alternative,
offering significant advantages in networking and data
transfer [1-9].

Various topologies are employed in ONoCs, including
Mesh and Torus. Among these, the Mesh topology is par-
ticularly popular due to its straightforward and organized
structure, making it well suited for designing two-
dimensional (2D) layouts on silicon chips. In 2D Mesh
networks, each routing node features four primary ports

A critical component in ONoCs is the optical router,
which facilitates the selection of paths between input and
output ports. These routers are composed of interconnected
optical switches arranged in specific topological patterns.
Commonly used optical switches include microring reso-
nators (MRRs) and Mach-Zehnder interferometers (MZIs).

To address these limitations, various MZI-based switch
designs have been proposed. MZI switches exhibit superior
thermal stability and a wider bandwidth in comparison to
their MRR counterparts [6, 11, 12].

Furthermore, the design of a deadlock-free ONoC is
crucial. Several deadlock-free turn-model algorithms have
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been developed to optimize network routing [13]. Among
these, the Odd-Even turn model has demonstrated the
ability to provide more routing path options compared to
other models [14]. Integrating targeted NoC algorithms into
optical router designs removes path constraints, which in
turn decreases the number of switching components needed
in the router architecture This reduction directly lowers
insertion loss (IL), thereby enhancing the overall perfor-
mance of Photonic Networks-on-Chip (PNoCs).

This paper introduces four-port, five-port, and scalable
optical routers designed using a combination of the Odd-
Even turn model routing, MRRs, and MZIs. This approach
leverages the benefits of both techniques while enhancing
applicability for various use cases. The evaluation results
demonstrate that the proposed optical routers based on the
Odd-Even turn model exhibit superior performance com-
pared with previous designs. Improvements are observed in
critical metrics such as the number of switching elements,
waveguide crossings, power budget, and IL, highlighting
their effectiveness for optical network applications.

The rest of the paper is organized as follows:

Section 2 explains ONoC topology and also Odd-Even
turning model. In Section 4, the results of the simulation are
evaluated and compared with the results from the previous
routers. Section 5 presents the conclusions.

2. ONoC Topology and Odd-Even
Turning Model

Topology plays a fundamental role in the design of PNoCs as
it directly influences router architecture and significantly
impacts overall network performance. The Odd-Even turn
model ensures deadlock freedom by eliminating certain
turns while maintaining path diversity and adaptability.

2.1. ONoCs Topologies. The selection of interconnection
network topology is a critical aspect, as it affects both
physical-layer parameters and network performance met-
rics. Various researchers have proposed topologies tailored
to specific applications or application domains. For instance,
Shacham et al. [15] introduced the first topology for pho-
tonic chip multiprocessor (CMP) networks, known as the
photonic torus. This topology offers high path diversity,
enabling multiple path alternatives for photonic signals.
However, its access points, acting as gateways, allow each
processor core to send or receive optical signals mapped to
all network nodes. This design increases the likelihood of
blocking within the network, leading to potential perfor-
mance degradation. To address these challenges, Wang et al.
[16] proposed the Nonblocking Torus topology. In this
design, only two access points are assigned to each row and
column of the torus network nodes. This adjustment im-
proves latency, power consumption, and the photonic sig-
nal-to-noise ratio (SNR). Nevertheless, the photonic torus
still outperforms the Nonblocking Torus in terms of IL,
scalability, and total network bandwidth [16]. To minimize
IL further, Chan proposed the TorusNX topology [7]. This
design separates the access points into distinct units, with
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modulators handling transmission and detector banks
managing the reception of photonic signals. Additionally,
TorusNX minimizes waveguide crossings compared with
both the photonic torus and the Nonblocking Torus. This
topology supports dimension-ordered routing for internal
signal routing.

The 2D mesh topology, widely adopted in electrical NoCs,
has also been implemented in photonic networks due to its
simplicity and regular structure [17]. Despite these advantages,
the photonic mesh suffers from limited path diversity, which
may lead to congestion and underutilization.

This research evaluates the Mesh, TorusNX, and Non-
blocking Torus topologies in order to compare the IL per-
formance of the proposed Odd-Even MRR-based routers
with other optical routers built using MRR technology.

2.2. Odd-Even Turning Model. Networks with routing ca-
pabilities are susceptible to deadlock issues [18]. Deadlock
arises when two packets are in a waiting state for one another
until routing decisions are made. In such situations, both
packets occupy certain resources and await the release of the
resources they need from each other. Consequently, the
packets cannot reach their destination due to the blockage of
some intermediary resources. Various routing algorithms,
such as XY, west-first, north-last, negative-first, and odd-
even, are employed to mitigate deadlock [19]. A practical
approach to address this challenge involves applying certain
rules that restrict the routing algorithms to prevent deadlock
from occurring. In these routing algorithms, which operate
based on turning models, specific directions are excluded. By
removing certain turns while preserving route diversity,
deadlock can be avoided. With these restrictions in place, the
Odd-Even turn model ensures deadlock freedom, provided
that 180° turns are prohibited [20].

Figure 1 illustrates the architecture of the Odd-Even. By
implementing this restriction approach, the final turn model
routing effectively eliminates the risk of deadlock [14]. A
major benefit of the Odd-Even, compared with others, is its
ability to offer a greater number and variety of possible
routes by placing fewer restrictions on each node. In ad-
dition to preventing deadlock, this approach improves
overall routing efficiency in the network [21, 22].

2.3. ONoC Architecture. The design of modern photonic
networks is inherently complex, as their performance is
highly dependent on the characteristics of the physical layer.
A modification in the properties of a single photonic
component can significantly influence the performance and
overall architecture of the entire system, distinguishing it
from traditional CMOS designs.

Figure 2 illustrates the architecture of a CMP, which
comprises three functional layers: the processing cores are
located in the lowest layer, known as the processing plane.
This plane also serves as the source and destination for data
communication. Optical interconnections between pro-
cessors are established in the photonic data plane. Mean-
while, the configuration and routing functions are executed
within the electronic control layer.
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FiGure 1: Odd-Even turn model.

Figure 2: Illustration of the architecture of CMP with three
functional layers [5].

The electronic control layer plays a vital role, as the
photonic layer does not support logical processing. Situated at
the central level of the CMP, this electronic layer enables the
exchange of control signals through metal wire in-
terconnections, illustrated as blue dashed lines. Communi-
cation between the electronic and photonic layers is facilitated
via the modulation and detection (M/D) interface, depicted by
brown lines, whereas router operations are coordinated
through dedicated control links. The electronic network is
responsible for managing message exchanges among pro-
cessor cores and for controlling the switching infrastructure.
In parallel, the optical communication network facilitates
high-efficiency routing of light packets across the chip,
achieving low latency and optimized efficiency. Optical
routers, structured as n x n arrays of optical switches, establish
connections between local I/O ports. Notably, an optical
router requires activation only once to set up an optical circuit,
thus eliminating the need for continuous switching during
high-bit-rate optical data transmission. Additionally, the use
of wavelength-division multiplexing (WDM) technology fa-
cilitates ultrahigh-bandwidth optical communication.

3. Proposed Odd-Even Optical Routers

In this section, we present 4x4, 5x5, and Nx N optical
routers which are designed for Odd-Even turn model
routing by using MRR and MZI switches. Additionally, by
reducing the number of constraints imposed on each node,
the Odd-Even routing algorithm expands the variety of
possible paths and significantly improves network routing
performance by effectively preventing deadlocks. In the
following, we will discuss three designs of optical routers.

3.1. MZI-Based Odd-Even Four-Port Optical Router. The
schematic of the first proposed design is presented in Fig-
ure 3. The MZI has been used as the switching element to
send optical data in the network in this design. The designs
shown in Figure 3 were used to route the nodes of the
network of the even and odd columns, respectively. Overall,
the proposed router has been designed using four MZIs as
a 4 X 4 matrix with four inputs (i.e., Ni, Ei, Si, and Wi) and
four outputs (i.e., No, Eo, So, and Wo), respectively, for the
north, east, south, and west ports. Moreover, the switching
elements have been from M1 to M4.

Tables 1 and 2 present the routing of network nodes of
the even and odd columns, respectively. Overall, each four-
port router can cover 16 routes. Moreover, sending data
from the input port of one port to the output port of the
same port, as U-Turn is not allowed in PNoC. Additionally,
in the routing tables of even column (Table 1) and odd
column (Table 2), data transfer from East to North and from
East to South and also North to West and South to West are
limited, sequentially. Thus, any four-port Odd-Even router
can pass optical data through 10 possible routes. In each
place of the routing tables, MZIs are specified must be in
Cross state.

3.2. MZI-Based Odd-Even Five-Port Optical Router. The
schematic of the first proposed design is illustrated in
Figure 4. In this design, the MZI has been used as the
switching element to send optical data in the network. The
structures shown in Figure 4 are used to route the nodes of
the network of the odd and even columns, respectively.
Overall, the proposed routes have been designed using six
MZIs as 5 x 5 with four inputs (i.e., Ni, Ei, Si, Wi, and Ci) and
four outputs (i.e., No, Eo, So, Wo and Co), respectively, for
North, East, South, West, and the ports connected to IP-
Core. Moreover, the switching elements have been from M1
to M.

Tables 3 and 4 present the routing of network nodes of
the even and odd columns, sequentially. In general, each
five-port router can cover 25 routes. Based on mentioned
points, the U-Turn data transmission routes specified in the
table diameter are not allowed. Thus, any five-port Odd-
Even router can pass optical signals through 18 possible
routes. In each house of the routing tables of Mach-Zehnder
switches, data transfer direction from the specified input
port to the specified output port must be in Cross state.
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FIGURE 3: MZI-based Odd-Even four-port optical router. (a) Even column and (b) odd column node routers.
TaBLE 1: Even column of Odd-Even four-port router based on MZI.
Input
Output . . . i
Ni Ei Si Wi
No No U-Turn allowed X M2, M3, M4 M3, M4
Eo M2, M3 No U-Turn allowed M2, M3 M3
So M2, M3, M4 X No U-turn allowed M3, M4
Wo M2, M1 M1, M4 M2, M1 No U-turn allowed
TaBLE 2: Odd column of Odd-Even four-port router based on MZL
Input
Output . . . :
Ni Ei Si Wi
No No U-turn allowed M1 M2, M3, M4 M3, M4
Eo M2, M3 No U-turn allowed M2, M3 M3
So M2, M3, M4 M1, M4 No U-turn allowed M3, M4
Wo X M1, M4 X No U-turn allowed

FIGURE 4: MZI-based Odd-Even five-port optical router. (a) Even column and (b) odd column node routers.

3.3. MZI-Based Odd-Even Scalable Optical Router. The  port router designs proposed in the previous section to N-
schematic of the third proposed design can be seen in  ports optical routers by maintaining properties of the
Figure 5. This design is developed from the Odd-Even five-  Odd-Even algorithm as scalable for use in PNoC.
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TaBLE 3: Even column of Odd-Even five-port router based on MZIL

Input
Output . . . . .
Ni Ei Si Wi Ci
No No U-Turn allowed X M2, M4 M1, M3, M4 M2, M4
Eo M1, M3, M4, M6 No U-Turn allowed M2, M4, M6 M1, M2, M5, M6 M3, M4, M6
So M1, M3 X No U-Turn allowed M1, M3 M3
Wo M1, M3, M4, M6 M5, M6 M2, M4, M6 No U-Turn allowed M3, M4, M6
Co M1, M2, M5 M5 M2, M5 M1, M2, M5 No U-turn allowed
TaBLE 4: Odd column of Odd-Even five-port router based on MZI.
Input
Output . . . . .
Ni Ei Si Wi Ci
No No U-Turn allowed M2, M4, M6 M5, M6 M1, M2, M4, M6 M1, M3, M5, M6
Eo M3, M5 No U-Turn allowed M5 M1, M3, M5 M1, M3, M5
So M3, M4 M2, M4 No U-Turn allowed M1, M2, M4 M1, M3, M4
Wo X M2 X No U-Turn allowed M1, M2
Co M3, M4, M6 M2, M4, M6 M5, M6 M1, M2, M4, M6 No U-Turn allowed

Given the significance of the number of optical devices
used in optical routers per N input and output ports and as
the core of this design is the same five-port router based on
MZI, the number of MZI switches used in the proposed
router structure can be calculated using (1).

As can be seen, the five-port router consists of 6 MZI and
14 waveguide bending. Also, the proposed scalable structure
allows the development of inputs from one side and outputs

from the other to N ports according to equation (1) while
maintaining the limitations of the Odd-Even turn model
routing. Additionally, the design of this structure includes
0 waveguide crossings according to equation (2) and the
number of waveguide bending of the structure can be cal-
culated according to equation (3).

IFN >5then Ny, = 6 +2(N -5)=2N -4 =2(N -2)

—>NMZI :2(N_2),

(1)

IFN <5|N = 4then Ny = 6 + 2(N - 5)

IFN <5Nygc =0,

IFN >5then Ny, g = 14+4(N -5)=4N -6

— N = 4N - 6.

3.4. MRR-Based Odd-Even Four-Port Optical Router. The
schematic of the fourth proposed routers is designed in
Figure 6. In these designs, MRR switches have been utilized
as a switching element in order to send optical data to the
network. Figure 6(a) is used to route the network nodes of
odd columns and Figure 6(b) even columns. The proposed
4 x 4 optical routers which are designed for Odd-Even turn
model routing include four MRRs. These routers have four
inputs (i.e., Ni, Ei, Si, and Wi) and four outputs (i.e., No, Eo,
So, and Wo) for North, East, South, and West ports, re-
spectively. The MRRs are named from R1 to R4.

Tables 5 and 6 present the routing of network nodes of
odd and even columns, respectively. Generally, each four-
port router can cover 16 routes, of which U-Turn data routes
are not allowed. In addition to the U-Turn routes, according

(2)

(3)

to the operation of the Odd-Even algorithm, in the routing
table of odd column routers, data transfer is not allowed
from North to West and South to West. Meanwhile, in the
routing table of even column routers, data transfer is not
allowed from East to North and from East to South. Thus,
any four-port Odd-Even router can pass optical data
through 10 possible routes. In each place of the routing
tables, MRRs are identified as switching elements that must
be ON to be able to transmit data from the input port to the
output port by deflecting light.

3.5. MRR-Based Odd-Even Five-Port Optical Router. The
schematic of the fifth proposed design is seen in Figure 7.
MRRs play a decisive role in this design as a switching

851801 SUOWILLIOD BAERID 3Gl (dde a4 A pauLA0B 818 SN YO 88N JO SN 10} ARIQIT BUIUO ABIA UO (SUO1IPUOD-UR-SLLBIALICY' A3 | 1M ARG 1[BU [UO//:SA1IL) SUOTIPUOD Pl SLLLB | U1 89S *[SZ0Z/0T/7Z] Uo Akelqiauiiuo 3|1 ‘(-aul eAnde 1) aqnopesy Ad 6719082/ (/SGTT 0T/10p/u00" B n ALeid) U1 UO//SAIY W01} PBpeojumMod T ‘SZ0Z ‘ZvLT



Journal of Electrical and Computer Engineering

2n- M22

ﬁ
=

]

(b)

FiGUure 5: Odd-Even scalable optical router based on MZI. (a) Odd column and (b) even column node routers.

element to send optical data to the network. The designs
presented in Figure 7 are used to route the network nodes of
odd and even columns, respectively. Overall, the provided

5 x 5 optical routers, designed for the Odd-Even turn model,
have six MRRs. The routers include five inputs (i.e., Ni, Ei, Si,
Wi, and Ci) and five outputs (i.e., No, Eo, So, Wo, and Co)
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FiGUure 6: Odd-Even four-port optical router based on MRR. (a) Odd column and (b) even column node routers.

TaBLE 5: Routing of four-port Odd-Even optical router’s odd
column based on MRR.

Item Input Output PSE
1 N E R2
2 N S R2, R3
3 S E —
4 S N R3, R4
5 \\% N R4
6 A% S —
7 A% E R3
8 E N —
9 E S R4
10 E w R1

TaBLE 6: Routing of four-port Odd-Even optical router’s even
column based on MRR.

Item Input Output PSE
1 E A% R1

2 N E R2, R3, R4
3 N w —

4 N S R2
5 S W R2
6 S E R3, R4
7 S N R3

8 A% N —

9 A% S R3
10 A% E R4

for North, East, South, and West processing core ports,
respectively. In this design, the switching elements are
known from RI to Ré.

Tables 7 and 8 present the routing of the network nodes
of odd and even columns, respectively. Here, each 5x5
optical router can cover 25 routes, where U-Turn data routes
are not allowed based on the points mentioned in the
previous sections. In addition to the U-turn routes, the
routing table of odd-column routers prohibits data transfer
from North to West and South to West. Besides, in the
routing table of even-column routers, odd data transfer from
East to North and from East to South is not allowed.
Therefore, each five-port Odd-Even router can pass optical

data through 18 possible routes. In each space of the routing
tables, MRRs are identified as switching elements that must
be set to ON to be able to transmit data from the input port
to the output port by deflecting light.

3.6. MRR-Based Odd-Even Scalable Optical Router. The
schematic of the sixth proposed design is depicted in Fig-
ure 8. This design is developed from the Odd-Even five-port
router scheme, while maintaining the properties of the
Odd-Even algorithm on a scalable base for PNoC. As al-
ready stated, given the significance of the number of optical
devices used in the structure of optical routers per N input
and output ports, the number of MRRs used in the proposed
routing structure can be calculated using equation (4). In
this design, which is an extension of the MRR-based
Odd-Even five-port optical router design, 6 MRRs are in
the central core of this design. Moreover, the inputs develop
on the one side and outputs on the other side while
maintaining the limitations imposed by the Odd-Even al-
gorithm. Therefore, two MRRs are added to the previous
design to increase one input/output port to a scalable design.
Furthermore, as presented in equations (5) and (6), given the
type of design, the number of waveguide bending is zero. The
number of waveguide bending is equal to the number of
microrings used in the router in this structure.

IF N > 5then Nypp = 6 + 2(N - 5) = 2N — 4
=2(N=-2) — Ny = 2(N - 2),

(4)
IFN <5then Nypg = 6 +2(N - 5) =2N -4
=2(N-2) — Ny = 2(N = 2) = 4,
IFN>5and N <5Ngeng = Nyao (5)
IEN>5and N <5 Nyge = Nyrr- (6)

All the proposed 4x4, 5x5, and NxN Odd-Even
optical routers are presented in various designs in-
corporating both mentioned optical switches, enabling their
use in diverse applications and leveraging the advantages of
both optical elements.
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FIGURe 7: Odd-Even five-port optical router based on MRR (a) Odd column and (b) even column node routers.

TaBLE 7: Routing of Odd-Even five-port router’s odd column based
on MRR.

TaBLE 8: Routing of Odd-Even five-port router’s even column
based on MRR.

Item Input Output PSE Item Input Output PSE

1 N E R5 1 N E R5, R6
2 N S — 2 N w R1

3 N C R2 3 N S R5

4 S E R6 4 N C —

5 S N — 5 S W R4, R2
6 S C R3 6 S E R4

7 w N R6 7 S N —

8 W S R5 8 S C R3

9 w E — 9 w N R6, R4
10 w C R6, R3 10 w S —

11 E N R3 11 w E R6
12 E S R2 12 W C R5
13 E w R1 13 E W —
14 E C — 14 E C R1
15 C E R4 15 C E —
16 C N R1, R3 16 C N R4
17 C S R4, R5 17 C w R2
18 C W — 18 C S R6

4. Experimental Analysis

To simulate our proposed 4 x4, 55, and Nx N MZI-based
optical routers, designed for the Odd-Even turn model
routing, we utilize an OptiSystem Version 17 simulator to
evaluate the proposed optical routers from the aspects of IL,
Q-factor, minimum bit error ratio, and eye diagram.
OptiSystem is a powerful and widely used simulation
tool for designing and analyzing optical communication
systems. It is particularly well suited for simulating complex
optical networks, including both analog and digital com-
ponents. The reasons for using OptiSystem include its ability
to model a wide range of optical devices and systems, in-
cluding fiber optics, modulation techniques, and signal
processing. It offers a user-friendly interface and a com-
prehensive set of features, allowing for accurate system
performance analysis. Additionally, OptiSystem supports

both time-domain and frequency-domain simulations,
making it a versatile choice for optimizing system param-
eters, predicting performance, and ensuring the reliability of
optical communication networks.

Moreover, due to the potential advantages and appli-
cations of the OptiSystem simulation, as well as its com-
prehensive features and optical elements required for
simulating the proposed routers, this simulator has been
utilized.

In addition, we use the proposed MZI switch in [23] as
a switching element for optical routers design. The size of the
switch is about 93 x 1.7 um”. Table 9 outlines the parameters
configured for the simulation of the proposed routers. The
subsequent sections will present and analyze the results
obtained from simulating these routers.

An externally modulated laser source was employed in
this study, driven by a 20-Gbps pseudorandom bit sequence
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FiGure 8: Odd-Even N x N scalable optical router based on MRR: (a) odd column and (b) even column node routers.
TaBLE 9: Interconnect configuration parameters in OptiSystem. TaBLE 11: Factors of insertion loss.
Simulation parameter Value Simulation parameter Value
Bandwidth 20 Gb/s Waveguide crossing 0.16db [27]
Wavelength 1552 nm Waveguide bending 0.005 db/90° [28]
Size of the MZI switch 93x1.7 pmz MZI-bar 1.1db [23]
Power 1 mw MZI-cross 1.2db [23]

TaBLE 10: Interconnect configuration parameters in Phoenixsim.

Simulation parameter Value
Laser power 20dB/m
Detector sensitivity index -25dB/m
Bandwidth 2.5Gb/s
Message size 1024 bit
Router buffer size 64 bit
Number of wavelength channels 16

produced by a pulse pattern generator. At the output stage,
a PIN photodetector combined with a low-pass filter was
utilized. The optical signals from the output ports of the
optical router were subsequently analyzed using a digital
communication analyzer to examine the waveforms and eye
diagrams.

We have utilized the PhoenixSim simulator written in
C++ language and developed in the OMNET++ [24-26]
environment platform to simulate our proposed 4 x 4, 5 x5,
and N x N MRR-based optical routers which is designed for
the Odd-Even routing algorithm. PhoenixSim provides
physical layer characterizations, such as IL. The configura-
tion parameters for simulating the proposed MRR-based
routers are presented in Table 10.

4.1. Evaluation of the Proposed MZI-Based Optical Routers
Designed for Odd-Even Routing. In the proposed optical
routers, four paths are excluded as per the Odd-Even
routing algorithm. This exclusion leads to a reduction in
waveguide crossings and optical components, thus en-
hancing physical layer metrics such as IL. Additionally, the
reduction in waveguide crossings and switching components
contributes to a decrease in area consumption. Another key
benefit of these optical routers is their assurance of deadlock-
free operation, all while maintaining minimal system
complexity. A key parameter examined in this study is IL. To
evaluate the IL, the values provided in Table 11 are used,
referencing data from published sources.

In an ONoC, the bandwidth, Q-factor, laser power, and
message size are interrelated parameters that influence the
performance, efficiency, and reliability of data communi-
cation. Here is a detailed explanation of their relationships.

1. Bandwidth and Q-factor

¢ Bandwidth represents the range of frequencies over
which an optical channel can effectively transmit
signals. Higher bandwidth allows for faster data
rates and higher throughput.
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e Q-Factor is a measure of signal quality, derived
from the eye diagram, reflecting noise levels, signal
distortion, and intersymbol interference (ISI).

Relationship:

e Trade-Off: increasing bandwidth often introduces
higher dispersion and IS, which can degrade the Q-
factor. This happens because wider frequency
components can suffer from chromatic dispersion
or bandwidth limitations of components (e.g.,
modulators and detectors).

e Optimized bandwidth usage: for a fixed optical
system, there is an optimal bandwidth where the Q-
factor is maximized. Beyond this range, noise and
distortion may dominate, leading to higher bit error
rates (BERs).

. Laser power and Q-factor

o Laser power is the optical power generated by the laser
source. It affects the signal strength and is crucial for
overcoming losses in optical interconnects.

e Q-factor depends on SNR. Higher laser power
generally improves the SNR, leading to a better Q-
factor. However, excessive laser power can in-
troduce nonlinear effects (e.g., self-phase modula-
tion or thermal effects), degrading signal quality.

Relationship:

e Low power: insufficient laser power leads to signal
attenuation, reducing the Q-factor and
increasing BER.

¢ Optimal power: properly tuned laser power ensures
a high Q-factor by balancing SNR and minimizing
nonlinear distortions.

. Message size and bandwidth

e Message size refers to the volume of data trans-
mitted in a single communication session. Larger
message sizes require more time or higher band-
width for transmission.

e Bandwidth is the channel capacity available for
transmitting data.

Relationship:

e Larger messages: for a fixed bandwidth, trans-
mitting larger messages takes more time, increasing
latency.

¢ High bandwidth requirement: larger message sizes
may require higher bandwidth to maintain low
latency and meet performance demands.

. Message size and Q-factor

e Larger messages involve prolonged transmission,
increasing the likelihood of accumulated noise,
distortion, and ISI over time.

o Q-factor degradation: as message size increases,
maintaining a high Q-factor becomes challenging,
especially if the bandwidth and laser power are not
optimized.

Journal of Electrical and Computer Engineering

5. Combined interplay

¢ Bandwidth, laser power, and message size affect Q-
factor:

o To transmit larger messages quickly, higher
bandwidth is needed, but this can degrade the Q-
factor due to dispersion and noise.

o Increasing laser power can improve the Q-factor
for large messages, but excessive power in-
troduces nonlinearities.

o The optimal combination of these parameters
ensures reliable, high-speed communication with
acceptable BER.

Summary
In an ONoC:

e Higher bandwidth enables faster data transfer but
can degrade the Q-factor if not properly optimized.

e Laser power must be balanced to ensure sufficient
signal strength while avoiding nonlinear effects that
harm the Q-factor.

o Larger message sizes demand more bandwidth and
laser power but can lead to cumulative signal
degradation, affecting the Q-factor.

Effective design of ONoC systems involves finding the
optimal trade-off among these parameters to achieve high
data rates, low latency, and reliable communication.

4.1.1. Physical Layer Analysis of MZI Four-Port Router Using
Odd-Even. 1L, describing the attenuation of lightwave
signal power during transmission, plays a pivotal role in
performance assessment. Ensuring its minimization in the
design phase contributes to reliable signal delivery and fa-
cilitates network expansion with enhanced bandwidth uti-
lization. IL can be determined by measuring the decrease in
optical signal power as it passes through the network.

The functionality of the optical router is simulated using
the OptiSystem simulator, with eye diagrams employed for
analysis. A 20-Gbps non-return-to-zero optical signal at
a wavelength of 1552 nm is used. This optical signal traverses
the 10 proposed four-port optical routers, utilizing the
Odd-Even free-deadlock algorithm to achieve optimal Q-
factor (quality factor) and minimum BER performance
criteria. The Q-factor, which directly indicates the perfor-
mance and reliability of digital communications, is used to
assess signal quality, while the BER serves as the ultimate
measure of quality in optical interconnections [6].

Q-factor and minimum BER are determined from the
measured transmission spectra, as shown in Table 12 for
both the odd and even columns of the Odd-Even MZI-based
four-port optical routers. This table also illustrates the IL in
each input/output path of the optical switching device.

The outcomes of the simulations for the photonic router
reveal that, in the least favorable scenario, the highest BER is
2.37612e-012, and the lowest Q-factor value is 6.91278 for
both the odd and even columns of the Four-Port Optical
Router Based on Odd-Even MZI Architecture.

851801 SUOWILLIOD BAERID 3Gl (dde a4 A pauLA0B 818 SN YO 88N JO SN 10} ARIQIT BUIUO ABIA UO (SUO1IPUOD-UR-SLLBIALICY' A3 | 1M ARG 1[BU [UO//:SA1IL) SUOTIPUOD Pl SLLLB | U1 89S *[SZ0Z/0T/7Z] Uo Akelqiauiiuo 3|1 ‘(-aul eAnde 1) aqnopesy Ad 6719082/ (/SGTT 0T/10p/u00" B n ALeid) U1 UO//SAIY W01} PBpeojumMod T ‘SZ0Z ‘ZvLT



Journal of Electrical and Computer Engineering 11
TaBLE 12: Optical analysis results of the proposed MZI-based Odd-Even four-port optical router.
0Odd column Even column
Path Path IL Max. Q . Path IL Max. Q .
(dB) factor Min. BER (dB) factor Min. BER
Ei — No 24 6.92007 2.25698e — 012 — — —
Ei — So 2.3 6.91958 2.26478e - 012 — — —
Ei — Wo 1.1 6.92406 2.19435e - 012 1.1 6.92406 2.19435e - 012
Ei — Eo NUT NUT NUT NUT NUT NUT
Ni — So 34 6.91278 2.37612e - 012 34 6.91278 2.37612e - 012
Ni — No NUT NUT NUT NUT NUT NUT
Ni —Wo — — — 24 6.92007 2.25698e — 012
Ni — Eo 2.3 6.91958 2.26478e - 012 2.3 6.91958 2.26478 e—012
Si — No 34 6.91278 2.37612e - 012 3.4 6.91278 2.37612e - 012
Si — so NUT NUT NUT NUT NUT NUT
Si —Wo — — — 2.3 6.91958 2.26478e - 012
Si — Eo 24 6.92007 2.25698e - 012 2.4 6.92007 2.25698e — 012
Wi— No 2.3 6.91958 2.26478e - 012 2.3 6.91958 2.26478e - 012
Wi— So 2.4 6.92007 2.25698e - 012 2.4 6.92007 2.25698e - 012
Wi—Wo NUT NUT NUT NUT NUT NUT
Wi— Eo 1.1 6.92406 2.19435e - 012 1.1 6.92406 2.19435e - 012

In the best-case scenario, the minimum BER is 2.19435e-
012, and the maximum quality factor is 6.92406 for both
columns. Given that the required BER within optical systems
is required to remain below 10e-9 and a signal integrity
factor of 6 indicates a reliable system without faults, these
results confirm that the proposed MZI four-port router,
employing the Odd-Even routing algorithm, is well suited
for ONoCs. An optical PIN receiver coupled with a low-pass
filter is positioned at the router’s output port for capturing
optical signals and forwarding them to a digital commu-
nication analyzer. The eye diagram for a wavelength input of
1552 nm, corresponding to the ten possible routing paths, is
shown in Figure 9 for the four-port optical router designed
using MZI. The eye diagrams clearly display the delivery of
a 20-Gbps optical signal once it propagates across the router.
Since every eye pattern remains open, it becomes evident
that all four suggested ports effectively deliver the 20-Gbps
data-bearing optical signal. Nonetheless, the attenuation in
certain input/output connections of the router with the four
proposed ports leads to the presence of noise in the eye
diagrams of these particular paths.

For the Si — No path, the IL is 3.4dB for the odd
column of the Odd-Even MZI-based four-port router,
which is greater than that of the remaining paths in the
designed router. Consequently, the eye diagram for this path
will probably demonstrate some noise, and the clarity of this
diagram is not as distinct as the others (Figure 9(b)).

4.1.2. Physical Layer Parameters for Odd-Even MZI-Based
Five-Port Router. The optical signal is passed through 18
proposed MZI-based five ports optical routers using the
Odd-Even turn model; therefore, Q-factor and minimum
BER metrics are attained. The Q-factor and minimum BER
can be calculated as presented in Table 13 for both odd and
even columns MZI- based five-port optical routers. The IL in
each input/output path of the optical router is depicted in
this table.

The simulation results show that, in the worst case, the
maximum amount of BER is 2.57691e-012, and the mini-
mum amount of the Q-factor is 6.90127 for both odd and
even columns of Odd-Even MZI-based five-port router,
respectively. Moreover, in the best case, the minimum
amount of BER and maximum amount of Q-factor are
2.18939¢-012 and 6.92438 for both odd and even columns of
MZI-based five-port router. Therefore, as highlighted earlier,
a BER below 107 and a Q-factor of 6 ensure a fault-free
system, confirming that the proposed optical router is
suitable for ONoCs using the Odd-Even routing model.

The eye diagram at an input wavelength of 1552 nm for
the 18 possible routing paths is presented in Figure 10 for an
MZI-based five-port optical router.

The IL in Ni — Wo is 4.6 dB for the even column of the
Odd-Even MZI-based five-port optical router, exceeding the
IL of the remaining paths in the proposed router. As a result,
the eye pattern for this path may show some noise, and its
clarity is not as distinct as the others (Figure 10(b)).

4.1.3. Examining the Results of the Proposed MZI-Based
Odd-Even Scalable Router Design. The MZI-based Odd-
Even scalable router design is examined in Section 3. Fur-
thermore, the analysis of the proposed design led to the
development of general formulas for calculating the MZI
switches, waveguide crossings, and waveguide bends for the
proposed router based on the number of input/output ports
(N). The number of switching elements used in our design is
the most significant factor affecting IL. Table 14 presents
a comparison of the proposed design with previous MZI-
based scalable designs, focusing on the number of switching
elements utilized in the optical router design for each N
I/0 port.

As can be seen in Figure 11, as the network scales up, the
number of the MZI of the proposed Odd-Even scalable
optical router increases with a lower slope than the other
studied routers. To be more precise, the core of the proposed
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FIGURE 9: Eye diagrams for the 10 possible input-output routings through the Odd-Even four-port optical router, using 20-Gbps optical
data at a wavelength of 1552 nm. (a) Odd column. (b) Even column.
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TaBLE 13: Optical analysis results of proposed MZI-based Odd-Even five-port optical routers.
0Odd column Even column
Path Path IL Max. Q . Path IL Max. Q .
(dB) factor Min. BER (dB) factor Min. BER

Ei — No 3.5 6.91201 2.38908e — 012 — — —

Ei — So 2.3 6.91958 2.26478e - 012 — — —

Ei — Wo 1.1 6.92438 2.18939%e - 012 2.3 6.91958 2.26478e - 012
Ei — Eo NUT NUT NUT NUT NUT NUT

Ei — Co 3.6 6.91121 2.40261e — 012 1.1 6.92438 2.18939¢ - 012
Ni — So 24 6.91908 2.27291e - 012 2.3 6.91958 2.26478e - 012
Ni — No NUT NUT NUT NUT NUT NUT

Ni —Wo — — — 4.6 6.90127 2.57691e - 012
Ni — Eo 2.3 6.91958 2.26478e - 012 4.5 6.90244 2.55571 e-012
Ni — Co 3.5 6.91201 2.38908e — 012 3.5 6.91201 2.38908e - 012
Si — No 24 6.91908 2.27291e - 012 2.4 6.91908 2.27291e - 012
Si — So NUT NUT NUT NUT NUT NUT

Si —Wo — — — 35 6.91201 2.38908e — 012
Si — Eo 1.1 6.92438 2.18939¢ - 012 34 6.91278 2.37612 e—-012
Si — Co 2.3 6.91958 2.26478e — 012 2.3 6.91958 2.26478e - 012
Wi— No 4.5 6.90244 2.55571e - 012 3.4 6.91278 2.37612e — 012
Wi— So 3.3 6.91352 2.36371e - 012 2.4 6.91908 2.27291e - 012
Wi —Wo NUT NUT NUT NUT NUT NUT
Wi— Eo 3.6 6.91121 2.40261e - 012 4.4 6.90357 2.53547e - 012
Wi — Co 4.5 6.90244 2.55571e - 012 3.5 6.91201 2.38908e — 012
Ci — No 4.6 6.90127 2.57691e - 012 2.3 6.91958 2.26478e - 012
Ci — So 3.2 6.91424 2.35182e - 012 11 6.92438 2.18939¢ - 012
Ci — Wo 2.4 6.91908 2.27291e - 012 3.6 6.91121 2.40261e — 012
Ci — Eo 3.5 6.91201 2.38908e — 012 3.5 6.91201 2.38908e — 012

Note: NUT, No U-Turn Allowed.
Abbreviation: IL, insertion loss.

design is the same as the proposed Odd-Even five-port
router design with fewer optical devices. When an I/O
port is added, only one optical switch is added from each side
of our scalable router designed on the Odd-Even turn
model. Accordingly, leading to a slight expansion of the
number of optical devices in the design; therefore, the
number of switching elements applied in the proposed
design increases linearly, unlike the two other designs.
Moreover, the proposed design is deadlock free, while the
other optical routers are designed generally (Table 14).
Therefore, there is a possibility of deadlock in applying these
routers in PNoC. As a result, the proposed Odd-Even five-
port scalable router is a suitable option for use in PNoC.
In optical communication systems, the eye opening is
intricately linked to the Q-factor, which measures the signal
quality and its capacity to differentiate between various
levels (e.g., 1’s and 0’s). The eye opening, which shows how
distinct the signal levels are, is the vertical distance between
the eye diagram’s highest and lowest points. The eye opening
has a direct correlation with the Q-factor. A bigger eye
opening is typically associated with a greater Q-factor.
Generally, an eye diagram with a Q-factor of 6.92406 is
very distinct and easy to understand. The eye opening is
typically big for Q-factor values 6.9, indicating that the signal
can be easily distinguished from noise. An eye-opening value
of 0.89 is generally indicated by a Q-factor of 6.92406 in best
case in proposed MZI-based Odd-Even four-port optical
router. In an optical communication system, the eye width is
the horizontal opening of the eye diagram that shows the

time margin permitted for error-free data detection. As
shown in Table 15, this value in the best case for MZI-based
Odd-Even four- and five-port optical routers are equal to
0.88 and 8, respectively, indicating a high-performance
system with minimal temporal distortions.

4.1.4. Compare Odd-Even MZI-Based Four- and Five-Optical
Router With Other Compared Optical Routers. Initially,
a comparison was made between the Odd-Even four- and
five-port optical routers and previously reported routers
utilizing MZIs. The comparison focused on several key
metrics: the number of MZIs and waveguide crossings, the
quantity of waveguide bends, maximum IL, minimum Q-
factor, and maximum BER. Tables 16 and 17 present
a comparative analysis of the MZI-based four- and five-port
routers designed for the Odd-Even routing algorithm
alongside other generic MZI-based routers reviewed in the
literature.

Our proposed 4 x4 and 5x5 optical routers, designed
using the Odd-Even routing algorithm, feature a reduced
number of switching elements and waveguide crossings
compared to the aforementioned routers. This reduction in
switching elements directly contributes to a decrease in
device area and overall power consumption [32]. Moreover,
minimizing waveguide crossings helps enhance the router’s
performance by reducing crosstalk and IL [33]. As a result,
the proposed routers are well suited for PNoC applications.
Waveguide crossings, when present, can induce additional
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FIGURE 10: Eye diagrams for the 10 possible input-output routings through the Odd-Even five-port optical router, using 20-Gbps optical
data at a wavelength of 1552 nm. (a) Odd column. (b) Even column.
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TaBLE 14: The number of switching elements in Odd-Even Nx N
scalable optical routers based on Mach-Zehnder interferometer
switches.

Optical router The number of MZI

Proposed Odd-Even scalable router 2(N-2)
Scalable router [29] N(N-1)/2
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an increase in the number of I/O ports.

losses in the router; therefore, limiting their occurrence leads
to improved performance. Furthermore, reducing the
number of switching elements (such as MZIs) results in
a more compact router design.

Given the variety of PNoC architectures, the need for
optical routers with different input/output configurations is
critical. The number of switching elements directly in-
fluences the size of the router, and for a four-port router, the
use of MZI switches results in fewer switching elements and
waveguide crossings compared to typical MZI-based
routers. A key advantage of MZI-based routers is their
ability to handle high-speed data transmission with nano-
second switching times [32].

These designs, with their minimized MZI count, achieve
relatively favorable performance in terms of speed and loss
characteristics. The proposed routers are capable of trans-
mitting a 20-Gbps optical data signal from each of the four
or five input ports. Furthermore, they support broadband
operation over multiple WDM optical signals, a capability
that MRR-based switches do not offer.

When evaluating the performance of the proposed
routers, the results indicate that the Odd-Even four- and
five-port optical routers deliver superior network perfor-
mance across various parameters, including IL, number of
MZIs, waveguide crossings, minimum Q-factor, and

15

maximum BER, compared with previously designed routers
(as shown in Tables 16 and 17).

This paper presents a design for optical routers with
distinctive characteristics, including the type of switches
employed and the number of MZIs. Compared with optical
routers discussed in other studies, the proposed routers
require less space and feature simpler designs. Additionally,
these routers exhibit lower loss, and the impact of these
advantages on enhancing the physical layer parameters in
photonic networks is also highlighted.

4.2. Evaluation of Proposed MRR-Based Optical Routers
Designed for Odd-Even Turn Model Routing

4.2.1. Compare Odd-Even MRR-Based Four- and Five-Port
Optical Router With Other Compared Optical Routers.
The measurement of IL is influenced by several factors,
including propagation, waveguide crossings, waveguide
bending, the passage through a ring or photonic switching
element (PSE) in the off-state, and the drop into a ring or
PSE in the on-state.

Accordingly, the designs of the four- and five-port
routers, intended for the Odd-Even turn model routing,
were developed with these loss-influencing parameters in
mind, ensuring that the router minimizes loss in each path.

The proposed router designs stand out due to the ex-
clusive use of 1x 2 PSE switches. These routers feature the
fewest MRRs in comparison to previous MRR-based four-
and five-port optical routers. Our routers represent the first
4 x4, 5x5, and scalable optical routers designed for the
Odd-Even turn model, achieving the lowest number of
MRRs. With fewer MRRs, the proposed routers require less
space and have a simpler design compared to other optical
routers documented in the literature. Additionally, these
routers exhibit lower IL, and the impact of this advantage on
enhancing the physical layer parameters in photonic net-
works will be discussed in this section.

This crucial aspect has been taken into account in the
design of MRR-based four- and five-port optical routers
developed for the Odd-Even turning model.

A key aspect in minimizing IL in PNoCs is employing
optical routers with the fewest optical components.

Tables 18 and 19 compare the number of optical ele-
ments (MRRs), the number of waveguide crossings, and the
number of waveguide bending used in the structure of our
four- and five-port optical routers, which are designed for
Odd-Even turn model routing, drawing on MRR designs
from previous studies, respectively.

4.2.2. The Maximum IL for MRR-Based Odd-Even Four- and
Five-Port Optical Routers in Different Topologies. All the
routers mentioned in Tables 18 and 19 have been modeled
under the same conditions, with the simulation outcomes
examined to assess the performance of the proposed routers.
According to the simulation results, the diagrams of Fig-
ure 12 illustrates the maximum IL as the network scales for
each of the designed four-port routers listed in Table 18,
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TaBLE 15: Comparison table of the worst-case and best-case scenarios about the eye diagram.
Parameters
Proposed MZI routers
Eye opening Eye height Eye width Decision threshold
Worst case 0.88 4.66 0.8 0.23
4 port
Best case 0.89 6.08 0.88 0.39
5 ort Worst case 1 0.8 2.3 6.9
P Best case 0.9 0.9 0.8 6.9

across the Mesh, Nonblocking Torus, and TorusNX
topologies.

The results are collected for all the proposed routers
when used in different topologies.

As can be seen in the above diagrams, the proposed four-
port Odd-Even router has better performance in PNoC by
reducing the maximum IL in the photonic network for each
of topologies. Based on these simulation results, the chart of
Figure 13 shows maximum IL as the network increases for all
the proposed five-port routers mentioned in Table 19 when
used in Mesh topology.

As can be seen in the above chart, the proposed 5 x5
optical router using the Odd-Even turn model has shown
better performance in PNoC by reducing the maximum level
of IL under mesh topology.

4.2.3. The Improvement of Maximum IL in MRR-Based
Odd-Even Four-Port Optical Router. One of the key pa-
rameters that impacts the quality of optical signal trans-
mission is the number of waveguide crossings along its path.
Similarly, the amount of active MRRs traversed also con-
tributes to overall loss. By employing the Odd-Even turn
model in the proposed four-port optical router, both of these
factors are significantly minimized. As indicated in Table 12,
the loss associated with waveguide bending is about 0.005 dB
per 900, which can be regarded as negligible. Furthermore,
the design requires only four MRRs to establish full con-
nectivity among five ports, eliminating the need for physical
address remapping between inputs and outputs. Under
large-scale configurations, the achieved insertion losses are
30.87dB for Mesh, 49.50dB for Nonblocking Torus, and
37.05dB for TorusNX topologies. These results highlight
a marked reduction in loss compared with previously in-
troduced router structures. A detailed comparison of the
maximum losses with other designs is provided in Table 20.

Following the review of the results for designing and
simulating the proposed MRR-based five-port router, it was
observed that the proposed optical router, unlike the two
other designs 38, 39], which are the general routers in this
study, can prevent dead-lock over the PNoC due to the use of
Odd-Even turn model routing in this paper. Additionally,
the Odd-Even deadlock-free algorithm performs better than
other PNoC deadlock-free algorithms due to the greater
number of candidate routes over the network [21]. Con-
sequently, the proposed Odd-Even five-port optical router
design is more advantageous than the PXY router based on
the XY deadlock algorithm, as it provides a higher number of
candidate routes. The reduction in the number of optical
devices used in the optical router leads to a decrease in IL,

which in turn enhances the physical layer and overall net-
work performance. This improvement was 6.53%, 43.57%,
and 68.40% for the proposed Odd-Even five-port router
compared with the PXY and 5 x5 optical routers [38, 39],
respectively.

4.2.4. Power Budget. The optical power budget is a critical
factor in developing optical network architectures capable of
precisely transmitting signals along a transmission path. It
represents the amount of power necessary to propagate the
signal through an optical link.

This parameter is vital for assessing the network’s
bandwidth utilization and its resilience to insertion-related
power losses. Maximum optical power budget is referred to
as the power threshold, denoted by P. If the optical power
budget exceeds P, nonlinear effects occur, resulting in in-
creased IL and an undesirable shift in the frequency of the
MRR. Conversely, the detector sensitivity, denoted by S,
represents the lower limit of the optical power budget. If the
optical power budget falls below S, the receiver will be unable
to detect the light. The optical power budget is defined as the
difference between P and S, as expressed in the following
equation [17, 40].

p-s=IL . +10log],. (7)

Based on Equation (7), n represents the permissible
count of wavelength channels, denoted by ILmax, and ILmax
refers to the peak IL [17, 40].

To evaluate the performance of the MRR-based 4 x4
router, designed for the Odd-Even turning model, within
the Mesh, Nonblocking Torus, and TorusNX topologies, we
set the power budget to 35dB, as per data provided by
commercial transmitter and receiver vendors such as Perle
Company. With this power budget of 35dB, the optical
power budget for our proposed Odd-Even four-port router
enables the mesh topology to expand to 196 nodes.

In comparison, networks utilizing the Cuiting [36],
Original, StraightPath, and Symmetric routers are limited to
just 64 nodes. In a 64-node mesh network, when using the
Cuiting [36], Helix-h, Original, Symmetric, and StraightPath
routers, the number of available wavelength channels is 1,
13, 2, 3, and 6, respectively. In contrast, our proposed
Odd-Even router supports 22 wavelength channels. Addi-
tionally, in a 64-node Nonblocking Torus, when using the
Helix-h, Symmetric, and StraightPath routers, only 3, 1, and
1 wavelength channels are available, respectively. In com-
parison, the Odd-Even router provides 6 wavelength
channels.
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TaBLE 18: Comparison of the Odd-Even 4 x 4 optical router with other with other MRR-based generic routers.

. Number Number of microring Number
Optical routers . . . .
of waveguide bending resonators of waveguide crossings
Original [34] 4 8 10
StraightPath [35] 8 8 12
Symmetric [35] 4 8 8
Helix-h [8] 16 8 8
Four-port optical router [36] 36 4 9
RRW [3] - 14 14
Odd-Even four port (this work) 0 4 4

TaBLE 19: Comparison of the Odd-Even 5 x 5 optical router with other MRR-based generic routers.

. Number Number of microring Number
Optical routers . . . .
of waveguide bending resonators of waveguide crossings
PXY [37] 26 12 9
Hao Jia [38] 11 8 8
Zhihua [39] 4 16 14
SMOR [4] — 8 6
Odd-Even five port (this work) 0 6 6

Non-blocking torus
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M Original [34] M Original [34]
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Figure 12: Continued.
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FIGURE 12: Maximum possible insertion loss breakdowns of various network sizes and different routers for (a) Mesh, (b) Nonblocking
Torus, and (c) TorusNX.
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FIGURE 13: Maximum insertion loss analysis for different routers and network scales in mesh topology.

TaBLE 20: Maximum insertion loss reduction in MRR-based Odd-Even four-port routers.

Optical routers Mesh (%) Nonblocking Torus (%) TorusNX (%)
Helix-h [8] 2.04 4.80 1.28
Four-port optical router [36] 30.22 20.79 22.75
Symmetric [35] 21.45 13.67 8.54
StraightPath [35] 27.27 17.51 10.37
Original [34] 37.35 22.65 18.80
Four-port optical router [1] 25.46 18.39 29.15
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FIGURE 14: Permissible wavelength channels for different network sizes across various routers with a 35-dB optical power budget in (a)
Mesh, (b) Nonblocking Torus, and (c) TorusNX topologies.
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FIGURE 15: Permissible wavelength channels across various routers
with a 35-dB optical power budget in mesh topology.

Figure 14 illustrates the diagram depicting the permis-
sible wavelength channels for each of the routers listed in
Table 18 during network scaling. Utilizing the Odd-Even
four-port router in Mesh, Nonblocking Torus, and TorusNX
topologies significantly improves performance in terms of
bandwidth and scalability.

With a 35-dB data, the optical power budget of our
proposed Odd-Even five-port router enables the mesh to-
pology to scale up to 196 nodes; in contrast, in 5 x 5 optical
routers [38, 39], the network is limited to expanding to 16
and 64 nodes, respectively. Furthermore, within a 64-node
mesh, employing the PXY router [37] and the 5x 5 optical
router [38], only 72 and 9 wavelength channels are available,
whereas our proposed Odd-Even five-port router supports
105 wavelength channels.

It can be seen that utilizing MRR-based five port, which
is designed for the Odd-Even turn model in a mesh to-
pology, provides performance improvements in terms of
bandwidth density and scalability. Figure 15 illustrates the
diagrams of some allowed number of wavelength channels
when using all the routers as mentioned above (Table 19) in
the mesh as the network grows.

4.2.5. Examining the Results of the Proposed MRR-Based
Odd-Even Scalable Router Design. Analyzing the proposed
MRR-based Odd-Even scalable optical router was led to
present general formulas for calculating the number of
MRRs, waveguide crossings, and waveguide bending pro-
posed router per N input/output ports. The most in-
dispensable item in the network IL is primarily determined
by the quantity of switching components incorporated in the
design of optical routers, which directly affects the maxi-
mum number of wavelength channels that can be used for
simultaneous transmission of optical data and improvement
of the network performance. Table 21 shows the results of
comparing the proposed design with previous scalable

Journal of Electrical and Computer Engineering

TaBLE 21: The number of switching elements in MRR Odd-Even
Nx N scalable optical routers.

Optical router The number of MRR

Proposed Odd-Even scalable router 2(N-2)
Scalable router [41] N(N-2)
Scalable router [42] Nlog, N

1400
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400

200

Number of photonic switch devices

0 5 10 15 20 25 30 35 40
Number of photonic router ports

—— MRR scalable router [41]
—— MRR scalable router [42]
Odd-even MRR scalable router (proposed work)

FIGURE 16: The growth of the number of MRR because of an
increase in the number of I/O ports.

MRR-based designs regarding the count of switching ele-
ments implemented within the architecture of an optical
router design per N I/O ports.

As shown in Figure 16, the rate of increase in the
switching elements of the proposed scalable router is lower
than that of the other designs examined. This is attributed to
the design of the proposed five-port Odd-Even router,
where inputs are arranged on one side and outputs on the
other, forming the core of the scalable router architecture.
Furthermore, when an I/O port is added, only a single
photonic switch is added from each side. As a result, the
number of photonic devices in the proposed scalable
Odd-Even router increases gradually yet linearly in com-
parison to the other configurations. Reducing the number of
switching elements effectively lowers the IL, thereby en-
hancing the performance of the PNoC. Additionally, the
proposed design is a scalable, deadlock-free router, whereas
the other routers are designed in a more general manner.
Consequently, the proposed design is a more appropriate
choice for implementation in PNoC. The results confirm the
practical benefits and improved performance of the pro-
posed Odd-Even scalable optical router designs for PNoC.

5. Conclusion

In this work, we developed and introduced 4 x 4, 5x 5, and
scalable optical routers based on the Odd-Even routing
scheme within ONoCs. By minimizing the use of MZIs,
MRRs, waveguide crossings, and bending structures, the
proposed designs achieve a notable reduction in IL while
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simultaneously improving the efficiency of wavelength
channel utilization. Consequently, these improvements lead
to enhanced bandwidth density and greater scalability. The
routers are particularly suitable for high-throughput optical
interconnects and deliver faster data transmission compared
with previously reported optical router architectures
employing MRRs and MZIs. To validate their routing ca-
pability, the Odd-Even MZI- and MRR-based optical
routers were simulated using OptiSystem and PhoenixSim
platforms, where a 20-Gbps optical signal was transmitted
through each selected port across 10 and 18 available
physical paths.

In this study, the key performance indicators for ONoC
design were the maximum achievable Q-factor and the
minimum BER. Analysis of the Odd-Even four- and five-
port as well as scalable optical routers demonstrates that
these designs deliver a substantial enhancement in overall
network performance.
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