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Chapter 1

Introduction

1.1 Background

In VLSI systems, interconnects refer to the physical wiring or transmission paths that carry
signals and power between functional blocks, including logic gates, memory units, and I/O
interfaces. As technology scales down to deep submicron and nanometer nodes, interconnects
increasingly dominate circuit performance, often becoming bottlenecks for speed, power, and
thermal efficiency. The basic on-chip interconnect structure, shown in Figure. 1.1, consists
of a metallic line with width (w), thickness (1), and length (/), placed at a height (4) above the
ground plane and separated by spacing (s) from adjacent wires.

Driven by Moore’s law, the relentless trend toward miniaturisation has dramatically in-
creased transistor density, but has also brought interconnects to the brink of communication
bottlenecks, operating at or near their ampacity (current-carrying capacity) limits [?]. While
this trend has enabled the fabrication of highly complex, high-performance chips, it has also
led to a growing disparity between transistor scaling and interconnect performance as depicted
in Figure. 1.2. Though transistor switching becomes faster, the interconnects fail to keep pace,
introducing significant latency and energy penalties. This slowed down the rapid growth of

Moore’s law as interconnect delays, power dissipation, and signal integrity challenges began to
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Figure 1.1: Basic VLSI Interconnect wire
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Figure 1.2: Gate vs. interconnect delay trends with technology scaling, annotated by node sizes
(ITRS/IRDS projections) [?,?].

outweigh the benefits of continued device scaling [?].

Existing copper (Cu) interconnects have long been regarded as a standard on-chip con-
nection material due to properties like higher conductivity, a stable chemical structure, and
resistance to electromigration [?]. However, as interconnect dimensions shrink, several issues
become pronounced:

* Increased RC delay, degrading signal integrity.
+ Electromigration, reducing reliability.
+ Increased power density, resulting in thermal hotspots.

These challenges collectively hinder the performance, reliability, and scalability of tradi-
tional metal interconnects in advanced VLSI technologies [?]. This degradation is primarily
attributed to increased electron scattering at grain boundaries, surface roughness, and material
interfaces. Moreover, to address reliability concerns such as electromigration and scattering,
wider wire widths and barrier layers are often required, which further limit scaling efficiency
and interconnect density [?].

These limitations prompted the exploration of alternative interconnect paradigms with in-
creased ampacity [?]. Among these, optical communication systems (OCS), traditionally em-
ployed in long-haul data transmission due to their potential to bypass limitations of electrical
signaling, are now being aggressively adapted for short-reach applications [?]. Optics aims to
carry greater volumes of data across a distance without much interference and noise. Optical

links transmit data using light, offering:
* High bandwidth via Wavelength-Division Multiplexing (WDM).
» Low propagation loss and no resistive heating [?].
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» Immunity to crosstalk and electromagnetic interference [?].
» Energy efficiency at high data rates [?].

These advantages make optical interconnects (OI) especially attractive for global interconnect
layers, where conventional metal lines become inefficient. OI were first introduced in 1984 by
Goodman et al. [?], due to their real-world applications, such as in supercomputing [?,?], data
centers, telecommunications, AI/ML hardware, automotive systems, and consumer electronics
[?].

OI primarily consist of three essential components: a transmitter, a waveguide, and a re-
ceiver [?]. The transmitter, located at the near end, typically includes either a modulator [?]
or a laser diode [?], both of which are driven by specialized driver circuits to generate modu-
lated optical signals [?]. The waveguide serves as the transmission medium, guiding the optical
signal with minimal loss across the chip or between chips. At the far end, the receiver block
is equipped with a photodetector, such as a photgdjode, which converts the incoming opti-
cal signal into an electrical current. This current is then amplified and converted to voltage
by a transimpedance amplifier (TIA), which acts as the core front-end circuit in the receiver
chain [?]. In more advanced designs, the receiver may also include post-amplification and sig-
nal conditioning stages to enhance sensitivity, bandwidth, and overall system reliability. The
design of TIA is critical in Ol design as it affects the system performance in terms of data rate,
sensitivity, and noise [?]. All these amplifiers in transmagder and receiver blocks are imple-
mented using deep submicron (DSM) CMOS technology due to their high speed, low cost, and
high level of integration [?]. Optical waveguides offer low signal delay and power dissipation,
as communication happens through light beams travelling at the speed of light and operating
wavelengths of 1300nm — 1550nm.

Recent research highlights the clear advantage of OI at very short distances [?,?]. As are-
sult, comparative studies have been conducted to evaluate their performance against electrical
counterparts at future technology nodes [?,?,2,2,?,?]. In all of these studies, a fundamental
CMOS-based TIA receiver circuit is employed to maintain design simplicity. However, such
designs are inherently limited in bandwidth due to factors such as high input impedance, pho-
todiode capacitance, and layout parasitics [?]. To address these constraints, more advanced
TIA architectures such as those utilising shunt feedback, regulated cascode (RGC) topologies,
or active feedback nmorks are required [?]. These techniques effectively lower the input
impedance, suppress the influence of parasitic capacitances, and extend the bandwidth, thereby
significantly improving the overall receiver performance [?].

Also, the temperature variations affect key device parameters, such as threshold voltage and
carrier mobility, leading to unpredictable circuit behaviour [?]. These fluctuations can intro-
duce signal delays, particularly in global interconnects operating at lower clock rates, thereby

constraining overall bandwidth and system performance [?].




1.2 Problem Statement

As demand increases for high-speed, low-power, and scalable interconnect solutions, Cu inter-
connect results in severe RC delays [?]. The increasing RLC parasitics of Cu interconnects,
driven by aggressive scaling and higher inteﬁ)nnect density, lead to significant degradation in
key performance metrics, including signal propagation delay, power dissipation, and power-
delay product (PDP). These effects are especially problematic in global interconnects, where
long wire lengths and stronger signal coupling worsen signal integrity and energy efficiency.

In modern processors, interconnects contribute up to 50% of the total delay, and their share
of power consumption continues to rise [?]. Moreover, the need for repeaters to drive long Cu
lines adds further power and area overhead [?]. Thus, researchers shifted to novel technologies,
namely, OI link, that offer a fundamentally different approach to interconnect scaling. By
using photons instead of electrons, they are unaffected by resistive and capacitive parasitics that
degrade copper wires [?]. A well-validated model of the OI chain i.e., transmitter, waveguide,
and receiver, is essential for guiding future designs and comparing them against conventional
electrical links at nanoscale technology nodes. This research aims to contribute toward that goal
by focusing on the design and modeling of advanced TIA architectures within OI frameworks.
A lot of literature has been explored related to modeling Ol and its comparison with traditional
electrical counterparts in terms of performance parameters i.e., signal delay, power dissipations,
and PDP at nanoscale technology nodes.

While extensive comparative work has been conducted, a critical aspect remains largely
unexplored: the impact of temperature fluctuations in Ol across various technology nodes.
Temperature variations affect key device parameters, such as threshold voltage and carrier mo-
bility, leading to unpredictable circuit behaviour [?]. These fluctuations can introduce signal
delays, particularly in global interconnects operating at lower clock rates, thereby constraining
overall bandwidth and system performance [?]. Addressing these thermal effects is essential
for the reliable implementation of Ols in next-generation systems. From the above discussed

research problem statement, the objectives of this thesis have been identified as follows:

* To develop the electrical equivalent circuit model of transmitter and receiver for Optical

Interconnect.
1
+ To analyze the impact of temperature variation on the performance of Optical Intercon-

nects.
[
» Comparative analysis of the results obtained from the above analysis with interconnects

of CNT and copper.
The first objective focuses on developing and evaluating electrical equivalent models for
the transmitter, waveguide, and receiver blocks of an optical interconnect system. These models
are rigorously analyzed in terms of delay, power dissipation, and power-delay product (PDP)

at 22nm and 14nm technology nodes to assess their performance parameters.
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The second objective incorporates the impact of temperature variations on the transmitter,
waveguide, and receiver blocks, given that silicon photonic devices in Ol are temperature-
sensitive. The novel TIA-based receiver, introduced in the first objective, is integrated into
receiver modeling to ensure a cowrehensive analysis.

The third objective involves a comparative analysis of Cu and CNT interconnects with the
proposed Ol in terms of performance parameters at 22nm and 14nm technology. This com-
parison helps evaluate their suitability for high-performance optical interconnect applications
under varying interconnect length and temperature conditions.

1.3 Thesis Organization

This work presents the circuit-level modelling and detailed analysis of OI for the global in-
terconnect level at 22nm and 14nm technology nodes. The Owrformance is compared with
traditional Cu and SWCNT-B interconnects. The content of this thesis is organized into the
following chapters:

Chapter 1 provides a brief introduction to the VLSI interconnects, highlighting their re-
quirements, applications, and key technologies. Additionally, the chapter discusses the paradigm
shift towards optical interconnects (OI) due to the advantages they offer as compared to tradi-
tional interconnects.

Chapter 2 presents a comprehensive survey of the state-of-the-art research conducted by
various scholars in the field of Ol and its performance comparison with electrical interconnects.
It discusses the types of interconnects and the importance of OL

Chapter 3 focuses on the modeling of transmitter and receiver circuits for OL It begins
with a study of existing transimpedance amplifier (TIA) architectures, followed by a detailed
discussion of the proposed AVCF-based TIA design. On the transmitter side, current design
approaches are examined, and subsequently, the modeling of a tapered buffer is presented as a
key component of the transmitter circuit.

Chapter 4 begins with the in-depth discussion of the proposed AVCF-based TIA architec-
ture. A detailed theoretical analysis is conducted, including small-signal modeling, stability
analysis, and noise performance evaluation. Finally, simulation results are presented, demon-
strating the effectiveness of the proposed AVCF RGC-based TIA in high-speed optical com-
munication systems and comparing its performance with conventional TIA designs.

Chapter 5 briefly states the importance of sigwntcgrity in high-speed optical intercon-
nects. It focuses on how the signal integrity is used to evaluate the performance of the proposed
TIA and overall OI link.

Chapter 6 presents the modeling of traditional Cu and SWCNT-B interconnects as a base-
line for comparison. It then analyzes the impact of temperature variations on optical and elec-
trical interconnects, focusing on key performance metrics such as delay, power, and signal

integrity. The chapter concludes with a comparative evaluation of the thermal stability and
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scalability of these interconnects in nanoscale VLSI systems.
Chapter 7 concludes the thesis by summarizing the key coﬁyutions in the modeling and
performance evaluation of Ol. A few suggestions regarding the future work that can be done to

alleviate the current interconnect performance bottlenecks are given here.




Chapter 2

Modeling and Performance analysis of

Optical Interconnect-A Review

2.1 Introduction

In deep submicron (DSM) technology nodes, global on-chip interconnects pose significant
challenges for high-speed integrated circuits (ICs) in terms of speed and power dissipation [?].
Global interconnects refer to wiring within an IC that ranges from 500m to 2000um and con-
nects functional blocks across the chip. Cu is the widely used industry standard for global
levels, but these wires experience significant resistance—capacitance (RC) delay, due to which
power dissipation and crosstalk increase, especially as feature sizes shrink in DSM technolo-
gies [?]. Due to scaling, interconnect dimensions reach mean free path (MFP), leading to elec-
tromigration and scattering effects such as grain boundary and surface roughness [?]. These
issues are more severe in Cu interconnects due to their relﬁvely short MFP of around 40am.
To overcome these challenges, researchers have explored carbon-based materials like carbon
nanotubes (CNTs) and graphene nanoribbons (GNRs), which possess significantly larger MFPs
(= Lum) [?,?]. However, despite their promising electrical and thermal properties, CNTs and
GNRs face several integration and reliability challenges that limit their scalability in commer-
cial VLSI systems [2,?]. As a result, Ols have emerged as a viable alternative and use light
instead of electrical signals for communication [?]. Ols promise high bandwidth, low latency,
and low power operation, especially over global levels [?]. This chapter begins by introducing
the fundamentals of VLSI interconnects and emerging materials, followed by a focused discus-
sion onﬁ modeling and performance evaluation of optical interconnects. Key performance
metrics such as propagation delay, power dissipation, and power-delay product (PDP) are an-
alyzed in detail. Additionally, thermal modeling is addressed, considering the temperature
sensitivity of photonic components, which can significantly affect the behavior of transmitters,
modulators, and photodetectors in optical systems. Finally, a comparative study is provided be-
tween Ols and their electrical counterparts, namely Cu and CNTs. The comparison highlights




the advantages and trade-offs in terms of performance, scalability, fabrication complexity, and
suitability for future technology nodes (22nm and beyond).

2.2 Interconnect Technologies

The evolution of on-chip interconnects has been driven by the need to overcome the limitations
of traditional materials as technology scales into the DSM regime. This section categorises and
reviews the major types of interconnects proposed and studied in the literature, beginning with
conventional electrical options such as Cu, followed by emerging carbon-based and hybrid in-
terconnects. The final focus is on Ols, which represent a paradigm shift for global interconnect

applications.

2.2.1 Copper (Cu) Interconnect and its limitations

Cu became the industry standard for on-chip interconnects in the late 1990s, replacing alu-
minium due to its superior electrical conductivity (= 40% lower resistivity) and improved
resistance to electromigration [?]. The dual damascene process enabled the effective inte-
gration of Cu into VLSI designs, but scaling has exposed critical limitations. Below 45nm
when interconnect dimensions approach the electron mean free path (= 40nm), Cu intercon-
nects experience increased resistivity due to effects such as grain boundary scattering, surface
roughness, and reduced cross-sectional area [?,?]. While fabrication techniques such as chem-
ical mechanical planarization (CMP) are effective in smoothing the top and bottom surfaces
of Cu interconnects, controlling roughness along the sidewalls remains a significant challenge.
Also, since Cu lacks a native oxide layer, it requires barrier layers (like Ta or TaN) to prevent
diffusion into surrounding dielectrics, consuming valuable space and complica& integration
processes [?, ?]. These effects increase capacitance and contribute to degraded performance in
terms of delay, power consumption, and power-delay product (PDP). For instance, as the tech-
nology node scales down from 1 to 13nm, a notable increase in Cu interconnect resistance,
by nearly 2.6 times, is observed due to enhanced surface and grain boundary scattering. Further
miniaturisation to 7am leads to an approximate 13% rise in capacitance and a 37% increase in
inductance, primarily driven by tighter wire spacing and increased coupling [?]. These changes
severely degrade interconnect performance, resulting in roughly a fivefold rise in signal delay
and a 5.7x increase in energy-delay product (EDP), underscoring the growing limitations of
Cu interconnects in advanced technology nodes.

To address these issues, several techniques are employed by researchers. One widely used
method is repeater insertion, where buffers are added along long interconnects to divide them
into smaller segments to reduce RC delays [?]. They convert the delay dependence from
quadratic (e< L?) to approximately linear (e< L). Elmore delay models are commonly used

to estimate the optimal number and size of repeaters that minimise total delay [?]. At 45nm,




inserting 3-5 optimally sized repeaters in a 1-2mm global Cu interconnect can reduce delay by
more than 50%, according to HSPICE simulations based on ITRS parameters [?]. For 32nm
and 22nm nodes, the optimal repeater spacing decreases due to rising resistance and capacitance
per unit length, often requiring 8-10 repeaters for a similar wire length to maintain minimal
delay [?]. The tapered buffer chains are widely employed to drive long Cu interconnects effi-
ciently, especially when the load capacitance (Cp,,q) is large and delay constraints are strict.
Unlike uniform buffers, which maintain a constant size across stages, tapered buffers grow
exponentially in size, typically by a factor of 2 to 4, allowing each stage to drive a proportion-
ally larger load [?]. This configuration minimises the total propagation delay by balancing the
capacitive load and gate drive strength across all stages.

On the materials side, introducing low-k dielectrics and air-gap structures between wires
helps reduce capacitive coupling, improving both speed and power efficiency [?,?]. Addition-
ally, replacing thick barrier layers with thinner or more conductive materials, such as cobalt
(Co) or ruthenium (Ru), helps improve current flow and reduce resistance [?]. Together, these

methods help offset the performance losses caused by continued device scaling.

2.2.2 Carbon Nanotube (CNT) Interconnects

Carbon Nanotube (CNT) interconnects have emerged as a promising alternative due fg their
unique electrical, thermal, and mechanical properties. Cﬁs, composed entirely of carbon
atoms arranged in a cylindrical graphene sheet, possess high current-carrying capacity (=
IOQA/L‘HI?'), high thermal conductivity (=~ 3000W /mK), and ballistic electron transport, mak-
ing them suitable for high-performance and high-density interconnect applications [?]. These
features make CNTSs attractive for global interconnect applications in VLSI design. As an in-
terconnect material, CNTs were first considered following the groundbreaking discovery of
multi-walled CNTs (MWCNTSs) by lijima in 1991 [?]. This was followed by the synthesis of
single-walled CNTs (SWCNTSs) in the early 1990s via arc-discharge and laser ablation tech-
niques. The structure of MWCNT and SWCNT is shown in Figure. 2.1.

Soon after, researchers began to explore their electrical characteristics, which revealed
quasi-ballistic transport, minimal scattering, and high carrier mobility, making them ideal for
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Figure 2.1: MWCNT and SWCNT Interconnect Structures.




Figure 2.2: Structure of SWCNT-B interconnect.

nanoscale interconnects. Depending upon their chirality, SWCNTSs can be semiconducting or
metallic in nature [?]. The authors in [?, ?] have reported the diameter of SWCNT in the range
of 0.4 — 4nm, resulting in extremely small cross-sectional areas for current flow. SWCNTs
have an intrinsic resistance of 6.5 KQ, which remains constant regardless of their length, caus-
ing excess signal delay and limiting the effective current conduction required for high-speed,
low-power circuits in interconnect applications.

To overcome these challenges, SWCNT bundles (SWCNT-B) are proposed that include
multiple nanotubes grouped together as shown in Figure. 2.2. Isolated SWCNTSs are aligned in
parallel to collectively carry higher current and reduce the overall resistance of the interconnect
line [?]. Bundling significantly mitigates the impact of the intrinsic quantum resistance of in-
dividual SWCNTSs by allowing current to be distributed across many parallel conduction paths.
This configuration improves robustness against individual tube defects and contact variability.
Furthermore, the incorporation of SWCNT-B enables better scaling and thermal management
in advanced nodes, where traditional metals face reliability limits due to increased resistivity
and electromigration [?]. Due to the inherent limitations and cost constraints associated with
diameter-controlled fabrication techniques, achieving CNT bundles composed exclusively of
SWCNT or MWCNT with uniform diameters remains a significant challenge [?, ?]. Variability
in tube diameter during synthesis not only affects the electrical and thermal properties of the
interconnect but also introduces inconsistencies in contact resistance and current conduction,
thereby complicating the reliable integration of circuits [?]. On the other hand, MWCNTSs are
more easily synthesized with consistent diameters and fewer purity constraints but often ex-
hibit higher resistance due to outer-shell current transport and inter-shell scattering [?]. There-
fore, researchers mixed SWCNTs with MWCNTSs within a bundle to form mixed CNT bundles
(MCB) as shown in Figure. 2.3, which helps compensate for these deficiencies, enhancing
overall current-carrying capacity while reducing the effective bundle resistance and improving
resilience to defects [?,?]. To utilise CNTs for future on-chip interconnects, accurate mod-
elling and extraction of resistance (R), inductance (L), and capacitance (C) or RLC parameters
are essential, particularly to assess signal integrity, delay, and power dissipation. Compared

to conventional copper interconnects, CNTs in bundled form exhibit lower resistance per unit
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Figure 2.3: Structure of mixed CNT bundle (MCB) interconnect.

length beyond 45#nm technology due to their ballistic or quasi-ballistic transport properties, and
offer higher current-carrying capacity, thereby mitigating electromigration concerns [?].

The authors in [?, ?] modelled a flat array of interconnects and concluded that CNTs in-
curred more signal delay than Cu. But the authors in [?] highlighted drawbacks in the analysis
presented in [?, ?]. Later, the authors in [?] highlighted the superior performance of SWCNT-
B interconnects compared to Cu, particularly in terms of electrical conductivity and current-
carrying capacity. However, their analysis overlooked key practical limitations, such as the low
proportion of metallic SWCNTSs within typical bundles and the non-ideal nature of metal-CNT
contacts, both of which can significantly impact the effective resistance and reliability of the
interconnect structure [?]. The work in [?] addresses these limitations, incorporating an em-
pirical model to calculate the capacitance of SWCNT-B. Recent studies have presented more
accurate capacitance estimations for CNT bundles with a width of 10am [?].

As previously discussed, the diameter of SWCNTs significantly influences their electrical
behaviour, particularly the RLC parameters critical for accurate interconnect modeling [?]. In
their study, Nieuwoudt and Masso%inlroduced a diameter-dependent resistance model that
differentiates between the intrinsic resistance of the nanotube and the contact resistance at the
metal-CNT interface. Their findings highlight that for small-diameter SWCNTS, the contact
resistance increases sharply, due to limited conduction modes and poor coupling with metal
electrodes. This increased resistance not only impacts signal delay and power dissipation but
also alters the overall RLC profile of the interconnect, thereby reducing performance reliability.

Temperature variations significantly influence the performance of interconnects, affecting
key electrical parameters such as resistance, capacitance, and inductance, which in turn impact
signal delay, power dissipation, and overall reliability of VLSI circuits [?]. In Cu interconnects,
elevated temperatures caused by joule heating lead to increased resistivity, delay, and power
dissipation, while also accelerating electromigration, a primary failure mechanism in VLSI
systems [?]. CNT interconnects, owing to their high thermal conductivity and tolerance to

current density, demonstrate superior thermal stability [?,?].
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Figure 2.4: Structure of Cu-CNT composite interconnect.

2.2.3 Hybrid Interconnects

Hybrid interconnects are composite interconnect structures that combine traditional metallic
conductors, such as Cu or Al, with emerging nanomaterials like SWCNTs, MWCNTs, or
graphene as shown in Figure. 2.4. These designs aim to harness the strengths of both ma-
terials, the high electrical conductivity and process maturity of metals, and the superior ther-
mal, mechanical, and electromigration-resistant properties of CNTs. A notable milestone was
achieved by Subramaniam et al., who demonstrated that Cu-CNT composites could attain con-
ductivity comparable to bulk Cu while offering ampacity up to 100 times greater [?]. The
superior electromigration resistance of Cu-CNT composites, as demonstrated in [?], highlights
their potential to deliver high performance and enhanced reliability simultaneously in on-chip
interconnect applications. Cu-CNT composite interconnects are typically realized by electrode-
positing Cu into the interstitial spaces of vertically aligned CNTs. In this approach, the CNT
forest is first grown on a separate substrate and then transferred onto the CMOS chip to avoid
the high temperatures associated with CNT synthesis. A two-stage electroplating technique is
employed to fill Cu into the voids of the CNT structure, producing a composite wire with a
conductive Cu matrix embedded with CNTs [?]. When evaluated for signal propagation delay
using a distributed RLC interconnect model, Cu-CNT composites exhibit performance nearly
@uiva]ent to that of traditional Cu interconnects. Although the inclusion of CNTs leads to
a marginal increase in delay compared to pure Cu, the hybrid structure still significantly out-
performs pure CNT-based interconnects, particularly when kinetic inductance is considered.
Notably, Cu-CNT composites show minimal sensitivity to variations in CNT kinetic induc-
tance, thereby offering greater delay stability under fluctuating electrical conditions [?]. In
addition to delay performance, Cu-CNT interconnects also demonstrate notable improvements
in signal integrity. Owing to reduced capacitive coupling, these hybrid lines are more immune
to crosstalk, a major concern in high-density, high-speed interconnect networks [?]. Their
energy dissipation remains comparable to pure Cu due to similar parasitic capacitance values,
with electrostatic capacitance dominating over the quantum component, ensuring suitability for
low-power designs [?]. Furthermore, the fabrication method aligns well with existing CMOS
processes, as the CNT growth can occur off-chip and be integrated without violating BEOL

thermal limits [?]. Advances in analytical modeling, particularly the Matrix Rational Approxi-
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mation (MRA) method, have facilitated rapid and accurate simulation of transient behavior and
crosstalk noise in Cu-CNT structures, with speed-ups exceeding 100x compared to SPICE sim-
ulations [?]. Collectively, these features highlight Cu-CNT composites as strong candidates for
near-future on-chip interconnect technology, bridging the gap between traditional metal lines
and emerging carbon-based or optical solutions.

2.3 Optical Interconnects
@

The continuous scaling of complementary metal-oxide-semiconductor (CMOS) technology,
alongside the integration of multi-core and many-core architectures, has significantly increased
the demand for high-speed, energy-efficient on-chip communication. While transistor switch-
ing speeds have improved over successive technology nodes, the performance of on-chip in-
terconnects has failed to keep pace, leading to a situation where interconnect delay and en-
ergy consumption dominate the overall system performance in nanoscale integrated circuits
(ICs) [?,?]. Efficient interconnect design has thus become a critical challenge in the design
of high-performance computing systems. Optical interconnects (Ols), which utilise light to
transfer information, have emerged as a promising alternative, offering high bandwidth, low
latency, and reduced power consumption, especially for high-performance computing (HPC),
data centres, and chip-to-chip communication [?,?]. The concept of Ols was first introduced by
Goodman et al. with a focus on backplane and board-level communication environments [?]. Ol
aims to carry greater volumes of data across a distance without much interference and noise [?].
Unlike electrons, photons do not experience resistive losses or RC-limited delays when prop-
agating through optical waveguides. Moreover, optical signals are immune to electromagnetic
interference (EMI) and exhibit negligible crosstalk, enabling more reliable high-density com-
munication channels within modern chips [?].

The advent of silicon photonics has further accelerated the development of on-chip Ols,
as silicon-based optical components such as waveguides, modulators, and photodetectors can
now be fabricated using CMOS-compatible processes [?]. niques like wavelength divi-
sion multiplexing (WDM) facilitate massive parallelism by allowing multiple data channels
to be transmitted simultaneously through a single optical waveguide, enhancing bandwidth
scalability without increasing the physical footprint [?]. Howsyer, despite their theoretical
advantages, on-chip Ols are not without challenges. Efficient electrical-to-optical (E/O) and
optical-to-electrical (O/E) conversions introduce latency and power overheads. The integration
of compact, energy-efficient light sources presents a challenge, and the precise alignment of
photonic components further complicates the fabrication process. Therefore, a systematic eval-
uation and modeling of each component, transmitter, waveguide, and receiver, is essential to
accurately assess the performance benefits and trade-offs of Ols compared to traditional metal-
based systems [?]. The block diagram of the OI system is depicted in Figure. 2.5 showcases

optical transmitter, waveguide, and receiver blocks. Each of these blocks plays a critical role in
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determining the overall efficiency, speed, and scalability of OI systems.

For instance, in Haurylau et al. [?], the authors modeled the entire OI link at the system
level, focusing on performance comparison with electrical interconnects for global and inter-
mediate communication lengths. The modeling framework considered an off-chip laser source
combined with an electro-optic (EO) modulator as the transmitter, silicon strip waveguides for
signal propagation, and a germanium photodetector as the receiver. The study emphasized
analytical models for delay, power consumption, and bandwidth, providing a foundational per-
formance comparison framework. This work established that Ols could potentially outperform
Cu interconnects beyond critical interconnect lengths, primarily due to their lower propaga-
tion loss and higher bandwidth density. The authors in [?] focused extensively on device-level
modeling of OI components, analysing the energy and bandwidth constraints critical to prac-
tical deployment. The transmitter was modeled using carrier-injection-based silicon modula-
tors, considering their drive voltage, modulation bandwidth, and capacitance. The propagation
medium is assumed to be a low-loss silicon waveguide with constant group velocity and mini-
mal dispersion. The receiver was modeled as a combination of photodiodes and transimpedance
amplifiers (TIAs), with detailed analysis of photodetector responsivity, capacitance, and noise
performance.

In their predictive modeling study, Chen et al. analyzed CMOS-compatible Ols using a com-
bination of circuit-level and system-level modeling techniques. The transmitter was modeled as
a Mach-Zehnder Modulator (MZM) driven by an off-chip laser source. Signal propagation was
analyzed using SOl-based silicon waveguides, incorporating propagation loss and coupling
efficiency into the model. At the receiver side, germanium photodiodes paired with CMOS-
based TIAs were modeled to quantify signal conversion efficiency and power consumption.
The study presented predictions for propagation delay, energy consumption, and bandwidth
across various interconnect lengths, suggesting that Ols are preferable to electrical intercon-
nects for longer interconnect paths. Shacham er al.explored architectural-level modeling in
the context of photonic networks-on-chip (NoCs) [?]. Their approach incorporated microring
resonator-based modulators as the transmitter technology, silicon waveguides for optical rout-

ing, and photodetectors with TIAs at the receiver. The modeling framework evaluated link
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Figure 2.6: ITRS/IRDS optical interconnect energy-per-bit roadmap from 2010-2030. (a) Full
view showing overall scaling trends. (b) Zoomed view emphasizing the sub-200 fI/bit IRDS
2020/2023 targets critical for next-generation optical I/O systems.

latency, power dissipation, and bandwidth scalability, emphasizing the use of wavelength di-
vision multiplexing (WDM) to achieve high bandwidth density. This study highlighted the
importance of network topology optimization and component-level co-design to fully exploit

the advantages of Ols within complex multi-core processor architectures.

2.3.1 Performance Requirements of OI

As multicore and many-core architectures advance, the limitations of traditional metal inter-
connects, particularly in terms of bandwidth density, energy efficiency, and latency, have inten-
sified the shift towards Ols. Leveraging the high bandwidth and low power characteristics of
photonics, Ols are increasingly considered essential for meeting the communication demands
of next-generation processors [ 2, ?].

The International Roadmap for Devices and Systems (IRDS), along with various research

studies, has established aggressive performance targets for optical interconnects (Ols). Earlier
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projections indicateﬂa( off-chip Ols should achieve energy consumption of <100 {J/bit, with
reductions towards 50 fJ/bit by 2022 [?,?]. For on-chip Ols, the target range was set within
50-200 fJ/bit, with future goals aiming for 10-30 £J/bit by 2022 [?,?] as shown in Figure. 2.6
. Looking forward to 2025 and beyond, both industry forecasts and academic trends predict
that on-chip Ols may need to operate at <5 fI/bit to meet the stringent demands of ultra-dense
processors and Al accelerators [?, ?]. Furthermore, aggregate on-chip bandwidth is projected
to exceed 1 Pbps (1000 Tbps) within the next five years, driven by high-performance comput-
ing (HPC) and data center on-chip architectures [?,?]. In parallel, latency requirements are
becoming increasingly stringent, with end-to-end delays for on-chip optical paths targeted at
below 5ps/mm. To meet future requirements, ongoing research focuses on: Advanced mod-
ulators with sub-femtojoule energy per bit. High-responsivity photodetectors integrated with
low-noise transimpedance amplifiers (TIAs). Thermal tuning reduction techniques to mini-
mize power consumption associated with microring resonators and wavelength stabilization [?].
In summary, achieving sub-5 fl/bit energy efficiency and multi-petabit-per-second bandwidth
within the next few years is not just a research goal but an industry necessity for sustaining

Moore’s Law at the system level.

2.4 Components of Optical Interconnect
(s ]

A typical OI system comprises a continuous-wave (CW) laser source, an optical modulator, a
waveguide (or optical fibre), a photodetector, and receiver electronics. Electrical data signals
are converted into optical signals using the modulator, transmitted through optical waveguides
employing techniques such as WDM, and reconverted to electrical signals at the receiver end

via photodetection [?, ?].

2.4.1 Transmitter

A transmitter at the near end is composed of a light modulator or light emitter [?,?] with its re-
spective driver circuits [ ?]. The light source can be classified based on its physical integration:
can be off-chip, wherein the laser is physically located outside the silicon chip, or on-chip,
wherein the laser is i@gratcd directly onto the silicon chip using monolithic or hybrid in-
tegration techniques. Distributed feedback (DFB) lasers and vertical-cavity surface-emitting
lasers (VCSELs) are commonly used as off-chip sources due to their stable output and mature
fabrication technologies [?]. The off-chip approach simplifies thermal management and avoids
integration issues. However, coupling losses and alignment complexity are inherent drawbacks.
In contrast, on-chip lasers are integrated directly onto the silicon chip through monolithic or
heterogeneous integration techniques. III-V materials such as InP or GaAs are bonded or epi-
taxially grown onto silicon substrates to create compact, integrated laser sources. This approach

eliminates coupling losses and reduces system complexity but presents significant fabrication
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challenges and thermal management issues [?]. The choice between on-chip and off-chip light

sources impacts the overall design, scalability, and energy efficiency of the OI system. The
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Figure 2.7: A push-pull silicon photonic Mach-Zehnder modulator using reverse-biased PN
junction phase shifters in both arms.

optical modulator encodes the electrical data onto the optical carrier by modulating properties
such as amplitude, phase, or frequency, as shown in the Figure. 2.7. Optical modulators can be
broadly classified based on the physical mechanism employed for modulation. The major cat-
egories include electro-refractive modulators, electro-absorption modulators, and thermo-optic

modulators. Key modulator types modeled in literature include:

* Electro-Refractive Modulators: Electro-refractive modulators rely on electrically in-
duced changes in the refractive index to phase-modulate light. Two dominant effects gov-
ern this mechanism, the Pockels effect, which provides a linear relationship between the
electric field and refractive index, and the Kerr effect, which yields a quadratic response.
While Pockelwffect-based modulators in LiNbO3 have long dominated bulk electro-
optic devices, recent breakthroughs in thin-film lithium niobate on insulator (LNOI) plat-
forms have demonstrated integrated modulators with sub-volt Vg, bandwidths exceeding
100 GHz, and CMOS-compatible processing flows [ 2,?]. However, because silicon lacks
a native Pockels effect, pure electro-refractive modulation remains impractical in silicon
photonics without material integration. Hybrid approaches, such as bonding BaTiO3 or
using strained Si-Ge, are being explored to enable this functionality on-chip [?]. This
phase change, when combined with interferometric techniques, such as those employed
in Mach-Zehnder Interferometers (MZIs) or directional couplers can be converted
into amplitude modulation by creating an interference pattern between two optical paths.
The MZI modulator has its roots in classical optics, but its adaptation to integrated pho-
tonics began in the 1990s with the rise of silicon-on-insulator (SOI) platforms. Early
implementations used carrier injection in p-n or p-i-n junctions embedded in one arm of

the interferometer to induce a refractive index change, resulting in a phase shift [?]. MZIs
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offer high linearity and broad bandwidth, making them suitable for high-speed applica-
tions [?]. With advances in CMOS-compatible silicon photonics, carrier-depletion-based
MZIs became popular due to faster modulation speeds and reduced power consumption.
This approach allowed operation in the tens of gigahertz regime, as shown by Xu et
al. [?], who demonstrated a high-speed depletion-mode silicon MZI modulator operating
at 10 Gbps with a compact footprint [?]. In Chen et al. [?], the MZI was modeled using
an equivalent RC circuit, accounting for the modulator capacitance, junction resistance,
and driver loading. The energy per bit was estimated using:

1
Epit = 5

2
zcmﬂ)dvdrive

where Cpod is the modulator capacitance and Vyhye is the applied voltage swing. This
model helps evaluate dynamic power in systems using MZI-based transmitters. Miller [?]
further elaborated on the theoretical limits of modulator performance in silicon photonics
and derived expressions relating VL (modulator efficiency) to achievable bandwidth and
energy constraints, highlighting trade-offs between size, efficiency, and drive voltage.
The work by Thomson et al. [?] provided a technology roadmap for silicon photonics,
identitying MZIs as reliable, manufacturable modulators suitable for data rates exceeding
25 Gbps. They also explored multi-level signaling (e.g., PAM4) using MZlIs for increased
bandwidth efficiency. Microring Resonator Modulators (MRRs) are compact, highly
energy-efficient optical devices that perform signal modulation through resonance-based
wavelength filtering. Due to their small footprint, compatibility with silicon photonics,
and intrinsic support for wavelength division multiplexing (WDM), MRRs have emerged
as a promising solution for bandwidth-constrained and power-sensitive on-chip optical
interconnect (OI) systems. MRRs are inherently suitable for WDM systems, as each
ring can be tuned to a distinct wavelength channel, enabling parallel data transmission.
Due to their small footprint (typically < 100 ¢m?) and low energy-per-bit (on the order
of a few femtojoules), MRRs are particularly valuable in dense, short-reach on-chip Ol
architectures, such as photonic networks-on-chip (NoCs). However, they exhibit nar-
row spectral linewidths (limited bandwidth), strong sensitivity to temperature variations
(approximately 0.1 nm/°C), and require precise resonance alignment and active thermal
tuning, which can increase control complexity and static power overhead [?]. Despite
these limitations, MRRs have been widely adopted in research for scalable optical mod-
ulation. Their compactness, CMOS compatibility, and efficient WDM operation make
them essential for high-bandwidth, power-constrained interconnect applications in mul-

ticore processors and data centres [?,?2,7,?].

Electro-Absorption Modulators (EAMs): Electro-absorption modulators (EAMs) op-
erate by exploiting the electro-absorption effect, where the absorption coefficient of a

semiconductor material changes under an applied electric field, enabling direct modu-
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lation of optical signals. Typically based on multiple quantum well (MQW) structures
fabricated from I1I-V compound semiconductors such as InGaAsP, EAMs provide high-
speed operation (10-50 Gbps), low drive voltages (1-2 V), and a compact footprint, mak-
ing them suitable for dense photonic integration [?]. In the context of on-chip Ols, EAMs
ofter low energy-per-bit transmission and are amenable to hybrid integration with silicon
photonics platforms. However, they tend to exhibit higher insertion losses compared to
MZI modulators and require careful control of bias voltage to achieve optimal extinc-
tion ratios [?]. Additionally, their reliance on III-V materials complicates full CMOS

compatibility and fabrication scalability [?].

Despite these limitations, EAMs are considered viable candidates for short-reach, low-
power optical links in future hybrid electronic-photonic systems. These modulators have
demonstrated modulation speeds exceeding 50 Gbps, extinction ratios above 10 dB, and
energy consumption as low as 50-100 fJ/bit, making them ideal for on-chip high-speed
optical links [?]. However, their lack of compatibility with standard CMOS fabrication
processes presents a significant integration challenge. To overcome this, researchers have
explored heterogeneous integration techniques, such as wafer bonding, flip-chip assem-
bly, and epitaxial growth, to integrate I1I-V EAMSs with silicon photonics [?].

In parallel, germanium-based electro-absorption modulators have gained attention due to
their improved compatibility with silicon processes. For instance, Liu et al. demonstrated
a high-speed Ge-Si EAM achieving 56 Gbps modulation with compact footprint and
promising CMOS integration potential [?]. Similarly, Lee et al. [?] developed a strained
GeSn-based EAM on silicon, which exhibited enhanced absorption near 1550 nm and

lower drive voltage due to its tunable direct bandgap.

Thermo-Optic Modulators: Thermo-optic modulators ewit the temperature depen-
dence of the refractive index in materials. Silicon, with its high thermo-optic coefficient
(dn/dT ~ 1.86 x 104K, is particularly well-suited for this modulation method [?].
By precisely controlling the temperature, a phase change can be induced over a waveg-
uide segment. However, the key drawback of thermo-optic modulation is its relatively
slow response time, dictated by thermal time constants, making it more suitable for tun-
ing or reconfigurable devices rather than high-speed data modulation. Advances in in-
tegrated micro-heaters and thermal isolation structures continue to improve the response

speed and stability of these modulators [?].

24.1.1 Driver Circuits for Optical Modulators

Optical modulators in silicon photonic systems present capacitive loads that require high-speed,
energy-efficient driver circuits to convert digital electrical signals into analog voltage or cur-

rent levels suitable for modulation. The performance of these drivers directly influences the
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bandwidth, energy-per-bit, and signal integrity of the overall Ol. Optical modulators typically
present a capacitive load to the driver circuitry, with capacitances ranging from a few femto-
farads (fF) to several hundred fFs, depending on the device structure and integration technol-
ogy [?]. To achieve high-speed data transmission and maintain signal integrity, these modu-
lators must be driven by optimized electrical circuits capable of providing sufficient voltage
swing, bandwidth, and energy efficiency. The capacitiwature of modulators significantly im-
pacts the bandwidth of the modulator driver interface. The 3 —dB bandwidth of the system can
be approximated using the RC time constant as:

1
= 2R Crnod

where Ry is the output resistance of the driver and Cyoq is the modulator capacitance. For

f}dB:

high-speed operation (e.g., > 25Gbps), both the driver design and the parasitic capacitance
must be carefully optimized to reduce latency and maintain signal fidelity. To efficiently drive
the capacitive load of optical modulators, especially in high-speed interconnects, CMOS-based
driver circuits are commonly employed due to their low cost, scalability, and compatibility with
digital logic processes [?]. The primary challenge in designing CMOS drivers lies in balanc-
ing the trade-offs between bandwidth, voltage swing, power efficiency, and signal integrity.
The most fundamental form of a CMOS driver is an inverter or buffer chain, where a digital
logic signal is converted into a rail-to-rail output capable of charging the modulator capacitor.
However, due to the capacitive load of optical modulators (e.g., Gyoq = 10 — 100£F), a simple
inverter is insufficient for high-speed operation. Therefore, tapered buffer chains, consisting
of a cascade of inverters with exponentially increasing transistor sizes, are used to minimize
propagation delay and maximize bandwidth [?]. The sizing of a tapered buffer chain follows
the principle introduced by Sutherland and Sproull, where the optimal number of stages N and

size multiplication factor f are determined as [?]:

N Cinod

f - Cin

Fp.lolal ~N 'Fr?(fJ
here, Gy, is the input gate capacitance of the smallest inverter, and 1, ( f) is the stage delay with

fanout f. Tapered buffers are especially suitable for driving high-capacitance depletion-mode
MZI modulators, achieving data rates in the range of 10-25 Gbps with rail-to-rail swing [?].
Differential drivers, especially those based on current-mode logic (CML), are widely used for
Ols targeting speeds above 25 Gbps. Existing designs for transmitter driver circuits are dis-
cussed in section 3.2 where transmitter driver circuit is modelled with corresponding analytical

equations.
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2.4.2 Waveguides

Optical waveguides are critical passive components used to guide light in on-chip OI, enabling
high-speed, low-loss signal transmission within integrated photonic circuits. They confine light
through total internal reflection or photonic bandgap mechanisms and serve as the primary
medium for linking photonic devices such as modulators, multiplexers, and detectors. Several
types of waveguides are commonly used in on-chip OI platforms, each offering unique trade-
offs in loss, integration density, fabrication ease, and spectral bandwidth. Silicorml-lnsulator
(SOI) waveguides dominate modern CMOS-compatible photonics due to their high refractive
index contrast between the silicon core (# =~ 3.48) and the silicon dioxide cladding (n =~ 1.44).
This enables tight optical confinement and a compact footprint. Two principal geometries are

employed:

« Strip waveguides: These are fully etched silicon structures offering strong mode con-
finement and compact layout, making them ideal for dense photonic integration. How-
ever, the tight confinement increases sensitivity to sidewall roughness, leading to higher

scattering losses [?].

+ Rib waveguides: These are partially etched, preserving a silicon slab beneath the core.
This reduces interaction with rough sidewalls, thereby lowering propagation loss while
maintaining single-mode operation and better fabrication tolerance [?].

SOI waveguides offer high integration density and are suitable for short-range interconnects.
However, they are susceptible to thermal variations due to silicon’s high thermo-optic coeffi-
cient [?,?].

Silicon Nitride (Si3N4) waveguides have emerged as a compelling alternative to silicon-
based waveguides for passive photonic circuits, primarily due to their ultra-low propagation
losses, typically less than 0.1dB/cm—and their negligible nonlinear absorption. While the
refractive index contrast between SizNy (n ~2.0) and Si0» (n ~1.44) is lower than that of SOI
platforms, resulting in slightly larger bend radii and mode areas, this trade-off is often accept-
able for applications prioritising low-loss and broadband performance. SizN4 waveguides are
particularly well-suited for passive routing, delay lines, and wideband filters due to their wide
transparency window (from visible to mid-infrared) and excellent thermal stability. These prop-
erties make them ideal candidates for WDM, high-fidelity signal distribution, and long-reach
photonic paths in on-chip Ols [?].

Polymer Waveguides waveguides, typically with neore ~ 1.6 and n¢jaading = 1.1, are utilised
for long-distance on-chip clock distribution networks due to low refractive index contrast.
These waveguides exhibit low propagation loss, high thermo-optic tunability, and flexibility
in fabrication. However, their lower index contrast results in larger mode areas and bend radii,
which limit miniaturization. Polymer waveguides are being explored in hybrid systems for

power-efficient global interconnects [?]. In the domain of on-chip Ols, polymer waveguides
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have attracted attention for implementing long-distance global links and clock distribution net-
works. Additionally, polymers exhibit high thermo-optic coefficients (up to 2 x 104K 1),
making them suitable for tunable and reconfigurable photonic systems. Hybrid integration of
polymers with silicon photonics is also being explored to combine the dense routing capability
of SOI platforms with the low-loss, thermallw;able, and fiber-aligned advantages of polymer
layers. Consequently, polymer waveguides continue to play an essential role in the develop-
ment of energy-efficient, large-scale photonic interconnect fabrics [?].

Photonic Crystal Waveguides (PhCWs) employ periodic dielectric structures to confine
and guide light using photonic bandgap effects. By introducing line defects in an otherwise
periodic lattice, PhACWs can support highly confined optical modes and enable ultra-compact
integration. A key advantage of PhCWs is their ability to produce slow light effects, signif-
icantly reducing the group velocity of light, which enhances light-matter interactions and is
particularly beneficial for nonlinear optical applications and compact delay lines. However, de-
spite these theoretical advantages, PACWs remain highly sensitive to fabrication imperfections.
Variations in hole size, lattice period, and sidewall roughness can induce strong scattering,
resulting in increased insertion loss and limited bandwidth. These factors currently restrict
their use in low-loss, large-scale optical interconnects [?]. Despite their theoretical advantages,
PhCWs are extremely sensitive to fabrication imperfections and tend to exhibit higher scatter-
ing losses, which limits their adopt in practical Ol [?].

Plasmonic waveguides utilise surface plasmon polaritons (SPPs), electromagnetic waves
coupled to free electron oscillations at the interface between a metal or heavily doped semi-
conductor and a dielectric. These waves enable light confinement beyond the diffraction limit,
allowing ultra-compact photonic components [?]. However, this comes at the cost of significant
propagation loss, as SPPs dissipate energy into the metal, severely limiting transmission dis-
tances. Propagation lengths are typically below 100um, and often not exceeding lem for highly
confined SPP modes. Additionally, energy-per-bit increases exponentially with interconnect
length, rendering plasmonic waveguides inefficient for global signaling. Nevertheless, their
deep sub-wavelength confinement and inherently low crosstalk make them promising for short-
range links, such as modulator-to-detector connections in ultra-dense photonic circuits [?].

Slot Waveguides are a relatively recent innovation in silicon photonics, first introduced by
Almeida et al. in 2004 [?]. Unlike conventional waveguides that confine light within high-index
cores, slot waveguides utilize a narrow low-index ﬁion, typically around 50 nm wide, sand-
wiched between two high-index materials. Due to the discontinﬁy in the electric field at the
high- and low-index interface, the optical field becomes highly concentrated in the low-index
slot, allowing strong light confinement in sub-wavelength regions. This field enhancement en-
ables the integration of compact and energy-efficient photonic components on-chip, addressing
the mismatch between electronic and photonic feature sizes. Slot waveguides have been suc-
cessfully implemented in devices such as ring resonators and directional couplers, proving their

compatibility with dense photonic integration [?]. Various strategies have been proposed to ex-
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tend the transmission length of slot waveguides. Xieng et al.combined slot confinement with
long-range surface plasmon polaritons (SPPs) at a metal-dielectric interface [?], achieving a
propagation length of up to 14.55mm, although the inclusion of silver poses incompatibility is-
sues with CMOS [?]. Further work by Li et al.demonstrated a I1I-V semiconductor-based slot
waveguide using InGaAsP with a propagation loss of 1.5dB /cm at 1.55um and a 650nm con-
finement region [?]. This shows the potential for integrating slot waveguides into PICs beyond
silicon. Bending performance, often a limitation in total internal reflection (TIR) based guides,
was investigated by Anderson et al.and Ishizaka et al., who proposed solutions for improving

transmission efficiency at sharp bends from 33.8% to 84.2% in slot-based interconnects [?,?].

24.3 Receiver
The receiver block at the far end comprises a transimpedance amplifier (TIA) g primary

front-end receiver to convert the small current of the detector intmcorresponding voltage [?].
This voltage 1s amplified by a voltage amplifier and is fed to a decision circuit that provides
a digital voltage output to the back-end circuits for processing of the received data [?]. The
receiver block is critical in OI design as it affects the system performance in terms ofata rate,
sensitivity, and noise. Designing a receiver block is tedious as it requires several trade-offs

between gain, bandwidth, input-referred noise, and power consumed [?].

2.4.3.1 Detectors

Optical detectors play a pivotal role in on-chip optical interconnect systems by converting op-
tical signals into electrical current. The design of these photodetectors must balance multiple
trade-offs, including responsivity, bandwidth, capacitance, dark current, and compatibility with
CMOS processing [?]. The detector must operate at high speed, with minimal power consump-
tion and footprint, to enable scalable photonic integrated circuits (%s). Optical detectors
operate based on the internal photoelectric effect, whereinﬁ:ident photons with energy hv
greater than the semiconductor bandgap E, excite electrons from the valence band to the con-
duction band. This results in the generation of electron-hole pairs (EHPs). When an electric
field is present, either through a built-in potential (e.g., in a p-i-n junction) or an externally ap-
plied bias, the EHPs are separated and collected, producing a photocurrent that is proportional

to the incident optical power (10P) [?]:

La=R Py @10
where g is the generated photocurrent (A), and R is the responsivity of the photodetector

(A/W), Popy is the IOP in watts. The detector’s speed of response is primarily limited by three
factors: (i) the quantum efficiency of the photodetector, which governs how many EHPs are

generated per incident photon; (ii) the transit time of carriers across the depletion region,
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which affects the temporal response; and (iii) the RC time constant resulting from the photo-
diode’s junction capacitance and the input impedance of the subsequent TIA. For high-speed
on-chip Ols, minimising the photodiode’s capacitance and maximising bandwidth while main-
taining high responsivity and low dark current is essential to ensure energy-efficient and reliable
data conversion at multi-gigabit rates [?].

Photodetectors must meet stringent requirements in terms of speed, responsivity, capaci-
tance, power consumption, and compatibility with CMOS fabrication. Among the most widely
adopted photodetectors are P-N, or PIN commonly fabricated using semiconductor materials

h as silicon (8i), germanium (Ge), and III-V compounds, as well as Schottky junctions.
To meet the demands of low-power and high-speed applications, a key design objective is the
reduction of junction capacitance, often achieved by scaling down the device dimensions to the
nanoscale. In the domain of silicon photonics, Ge-based detectors on Si substrates are among
the most widely implemented structures. These devices are typically configured as either PIN
photodiodes or avalanche photodiodes (APDs) [?]. While APDs offer enhanced sensitivity
compared to standard PIN detectors, they suffer from increased noise and reduced bandwidth.
Additionally, APDs require high operating voltages and precise voltage control, which sig-
nificantly limit their practicality in integrated systems [?]. Ge-on-Si) photodiodes, which offer
high responsivity (> 0.8 A/W) and broad absorption in the near-infrared range (1300-1600 nm),
making them ideal for Si photonics platforms.

Metal-semiconductor—metal (MSM) photodetectors, characterised by interdigitated Schot-
tky contacts and lateral electric fields, offer simple fabrication and low capacitance, making
them suitable for ultra-fast response; however, their responsivity is typically lower than PIN
structures [?]. Ultimately, the choice of photodetector is driven by application-specific require-
ments, with particular emphasis on CMOS compatibility, bandwidth, power efficiency, and
seamless integration with transimpedance amplifier (TIA) circuitry.

2.4.3.2 Transimpedance Amplifiers (TIA)

Transimpedance amplifiers (TLAs) serve as the critical interface between photodetectors and
digital processing stages in optical receivers. They convert weak photocurrents into usable
voltage signals while preserving signal integrity, bandwidth, and noise performance. In the
context of on-chip optical interconnects, where data rates exceed 25 Gbps and energy efficiency
is paramount, TIA design must balance low input impedance, high transimpedance gain, and
CMOS process compatibility. As described by Razavi [?], a TIA employs negative feedback
to achieve a low input impedance, thereby minimizing the voltage swing across the photodi-
ode and suppressing the effects of parasitic capacitance. The transimpedance gain is typically
defined as Rt = Vou /Ly, and under high open-loop gain conditions, it closely approximates
the value of the feedback resistor Rp. Early TIA designs employed resistive feedback archi-

tectures, which provided simplicity but were limited by the gain-bandwidth trade off. The
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introduction of the regulated cascode (RGC) topology significantly improved bandwidth per-
formance by lowering input impedance and isolating the photodiode from capacitive loading.
Razavi [?] proposed RGC-based TIAs with inductive peaking to further enhance bandwidth.
Inductive peaking extends bandwidth by introducing a second order network at the input, while
current-biasing techniques across Rr improve voltage headroom and open-loop gain.

There are primarily two major topologies of TIAs i.e., opaloop TIAs and feedback TIAs.
The most common open loop and shunt feedback TIAs are common gate (CG) and common
source (CS) Tlﬁaith shunt resistor, respectively [?]. Several open loop and closed TIA struc-
tures incur tight trade-offs [?] between gain, noise, bandwidth and power consumption. There-
fore, structural modifications are incorporated by researchers to come up with TIA topolo-
gies such as shunt feedback TIAs [?], regulated gain cascode (RGC) TIA [?], common source
(CS) shunt feedback TIA [?], inverter-based TIA [?], cross-coupled current conveyer TIA [?],
active voltage-current feedback (AVCF) TIA [?]. Each topology allows trade-offs between the
design parameters according to the specifications set for the design.

Bandwidth enhancement techniques such as gain boosting [?], [?], inductive peaking [?],
[?], capacitive coupling [?], capacitive degeneration [?], [?], and feedback techniques [?],
[?], [?] are applied to existing TIA topologies for performance improvements. Various gain
boosting techniques are reported in the literature, such as positive feedback gain enhancement
scheme [?], cascading multiple stages [?], and cascoding structures [?]. In positive feedback,
gain is enhanced by re(ﬁcing output conductance, but at the expense of system stability. The

scading of amplifiers increases the gain, but at the expense of power consumption and area. A
Self-cascode structure increases the gain, but at the expense of voltage headroom. M. Seifouri
et al. [?] propose a lovaawer optical TIA optimised for high-speed optical communication
systems. Their design achieves a high transimpedance gain of 80 dBQ and a bandwidth of
approximately 12 GHz, which is suitable for multi-Gbps data rates. The TIA incorporates an
active voltage-current feedback mechanism to ensure low input impedance (=20 dBQ), en-
hancing stability and bandwidth. Power consumption is kept low at around 1.2 mW, making it
ideal for energy-efficient integrated optical receivers. Their analysis demonstrates that this TIA
meets the stringent requirements of next-generation optical networks, balancing gain, band-
width, input matching, and power efficiency eﬁectivelyan optical receivers, the TIA must
balance bandwidth (typically 70% of the data rate) and input-referred noise cu . For in-
stance, a 40 Gbps receiver requires ~28 GHz bandwidtlﬁ'he core amplifier often consists of a
common-source stage with inductive peaking, possibly followed by a source follower to buffer
the output. Noise analysis reveals that both the core amplifier and feedback resistor Rr con-
tribute to the total input-referred noise current. Razavi notes that to maintain I, 3, < 10 pA/v/Hz
with Ry = 1kQ, the core voltage noise must be under 9.1 nV/vHz [?]. In conclusion, TIA-
based optical receivers are continuously evolving to meet the demands of high-speed, low-
energy Ol. Their performance is dictated by careful trade-offs among gain, noise, bandwidth,

and power, with architectural innovations enabling improved integration and scalability at the
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nanometer scale in CMOS.

2.4.4 Open-Loop vs. Closed-Loop TIAs
244.1 Open-Loop TIA

In an open-loop configuration, the photocurrent from the detector is directly translated into volt-
age across the input device or load without employing feedback. The effective transimpedance
can be expressed as:

Zr = gmRi, (2.2)

where g, is the transistor transconductance and Ry, is the load rgsistance. Since the photodiode
with capacitance C, is connected to this high input impedance, the bandwidth is limited by the

input RC pole:
1

RinCa’.

(2.3)

Here, R, is relatively large (often on the order of 1/g,,), resulting in a narrower bandwidth. The
absence of feedback also means that the input node voltage swing is not constrained, leading
to potential nonlinearities if the photocurrent i, induces large voltage variations. This effect
worsens at higher data rates, as large voltage excursions across the photodiode degrade linearity
and increase distortion.

From a noise perspective, the nﬁ‘linant contribution comes from the load resistor and device

thermal noise, with an equivalent input-referred noise current given by:

S kT

lyeg ™ R_L 2.4)
Because the gain and bandwidth depend heavily on device parameters, process and temperature
variations strongly affect performance. Consequently, open-loop TIAs are typically reserved
for low-data-rate or low-power systems where simplicity is prioritized over high bandwidth and

linearity.

244.2 Closed-Loop TIA

In contrast, the closed-loop topology employs negative feedback, qﬁically through a resistor
Ry, wrapped around a high-gain amplifier. This feedback maintains the input node at a virtual

ground, reducing the input impedance to:

Ry

Rip = s
m 1+AO;

(2.5)

where Ay is the open-loop gain of the core amplifier. The transimpedance in this case is largely
determined by the feedback resistor:
Z'r = Rf, (26)
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making the gain predictable and less sensitive to device variations. Since the effective input

impedance is lowered by the loop gain, the input pole shifts to:

o, = BT @7

which represents a significant bandwidth improvement over the open-loop case.
Noise performance is@o improved because the feedback resistor dominates the input-
referred noise, while the low input impedance suppresses the effect of detector capacitance.

The input-referred noise current can be approximated as:

) 4T

li-i,etf ~ R

. (2.8)
f

Additionally, since voltage swing at the input is reduced approximately by a factor of (1 +
Ap), closed-loop TIAs exhibit superior linearity and reduced distortion.

The trade-off lies in the requirement for the amplifier core to provide both high gain and
wide intrinsic bandwidth. To ensure stable operation, the amplifier’s bandwidth must typically
exceed 70% of the target data rate, which often leads to increased power consumption and
circuit complexity.

Open-loop TIAs are simple and power-efficient but suffer from high input impedance, band-
width limitations, and reduced linearity. Closed-loop TIAs, by contrast, employ feedback to
achieve low input impedance, stable gain, wide bandwidth, and improved noise performance,
making them the preferred choice for high-speed optical receiver front-ends. The choice be-
tween the two depends on the application: open-loop for short-range, low-data-rate systems,

and closed-loop for high-speed multi-gigabit links.

2.5 Existing TIA Designs

A variety of transimpedance amplifier (TIA) architectures have been proposed to achieve high
bandwidth, low noise, and stable gain in optical receivers. The choice of topology depends on
the desired data rate, photodetector capacitance, and trade-offs between power and complexity.
This section reviews TIA designs reported in the literature, providing an in-depth explanation

of their operating principles and performance trade-offs.

2.5.1 Passive Resistive Load TIA (High-Impedance Front-End)

The simplest form of TIA is a passive resistive load, where a single resistor is used to convert
the photodiode’s current to a voltage, as depicted in Figure. 2.8. In this approach, the tran-

simpedance equals the resistor value R. However, the photodiode’s capacitance Cpy and the
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resistor create an RC-limited bandwidth:

— 2.9
Zﬂ.'RCﬁ' (29

Sras =~
This means a higher gain or larger R directly reduces the bandwidth for a given Cpy [?]. For
example, if very high gain and a large C,,; are required, the bandwidth becomes prohibitively
low [?]. Due to this trade-off, passive resistive TLAs are only practical in low-speed or DC ap-
plications such as sensitive photodiode measurements or very low-frequency links. They offer
ultra-low power consumption and excellent simplicity/stability, as there are no active devices
to introduce noise or instability. However, their noise performance is poor for high-speed use
[?]. In summary, while a resistive load provides a baseline solution for current-to-voltage con-
version, its gain-bandwidth product is severely limited by the photodiode capacitance; thus,
it is rarely used in modern high-speed optical receivers, except as a reference or in very low-
bandwidth scenarios.

2.5.2 Common-Gate (CG) TIA

The common-gate (CG) TIA as shown in Figure. 2.9 employs a transistor or a pair of transistors
in a CG configuration as the input stage. In CMOS, the photodiode current (,,4) is injected into
the source of an NMOS whose gate is biased at a fixed DC voltage. The key advantage is the

inherently low input impedance, approximately

Rin = Q: (2.10)
&m

where gy, is the transconductance of a transistor. By making 1/g,, small, the Cpgq is effec-
tively isolated from the input node, greatly suppressing the RC time constant that limits band-

width [?]. The transimpedance is set primarily by the load (or current mirror) at the drain,
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Figure 2.9: Common gate TIA topology

while input impedance is set by g, [?]. CG TIAs are unconditionally stable and can be very
broadband and power-efficient for high-speed operation, and are widely used as first stages in
multi-Gb/s receivers [?]. Drawbacks include higher input-referred noise at the input and limited
voltage headroom when a large load resistor is used [?].

106

2.5.3 Shunt-Feedback TIA (Resistive Feedback Amplifier)

The shunt—shynt feedback TIA is the classical and most widely used architecture in optical
receivers. A feedback resistor R ¢ from the output to the input of an amplimr creates a closed-
loop gain as shown in Figure. 2.10. For current sensing, this topolowresems a low input
impedance to the photodiode and a near-constant transimpedance gain Bproximatcly equal to
Ry over the amplifier’s bandwidth [?]. The input resistance is lowered by the loop gain of the

amplifier:
Ry
T1+A

Rin (2.11)

By

MWW

Photodiode

Vou

Figure 2.10: Shunt Shunt Feedback TIA topology
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where Ay is the open-loop gain at low frequency [?]. As a result, the photodiode’s capacitance
has a much smaller effect on bandwidth than in the previous case. The feedback network also
makes the gain morﬂstable and process-tolerant, since variations in amplifier parameters have
reducggl impact on the closed-loop gain [?,?]. Overall, a resistive-feedback TIA achieves a
good trade-off between TIA gain and bandwidth, moderate noise, and good linearity, which is
why it has long been a default choice for multi-Gb/s optical receivers.

Despite its strengths, the shunt-feedback TIA faces challenges as speed and C,,; increase.
The amplifier must have a very high unity-gain bandwidth to maintain loop gain at high fre-
quencies, and large Cpy can lead to poles/zeros that cause frequency peaking or stability issues
if not properly compensated. In fact, there is a theoretical “transimpedance limit” for a given
technology: achieving very wide bandwidth and high gain simultaneously will dramatically
increase input-referred noise [?]. This is because the amplifier’s noise and the feedback resis-
tor’s noise both contribute to the input when broadening the bandwidth [?]. Nonetheless, with
careful design and topology considerations, shunt-feedback TIAs can support data rates in the
tens of gigabits per second range. They offer excellent gain accuracy and linearity, making

them suitable for general-purpose optical receivers.

2.5.4 Regulated Gain Cascode (RGC) TIA or Active Feedback TIA

The regulated cascode improves upon CG by adding a local feedback amplifier that regulates

the input device’s drain (or source) voltage, further reducing effective input impedance:

1
T g (I A

Ry (2.12)

R P
Active Feedback
Transistor

Tpa

Figure 2.11: RGC TIA topology.
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where Aaux 1s the gain of the auxiliary amplifier [?]. The ultra-low Rj, suppresses the influence
of C; and pushes the input pole to a much higher frequency, enabling tens-of-Gb/s operation
and large-C; photodiodes. RGC often provides better noise than plain CG (higher effective g,
for the same current), but at the cost of extra power/complexity and headroom constraints in
scaled CMOS [?].

2.5.5 Inverter-Based TIA

With CMOS scaling, inverter-based TIAs leverage the high transconductance efficiency of a
biased CMOS inverter; both NMOS and PMOS contribute to g,,, enabling high GBW at low
power. A feedback element Ry commonly stabilizes bias and sets the transimpedance; a simple
model is

Z1 % Eminv RL, (2.13)

where g,y is the inverter’s effective transconductance [?]. These TIAs are compact and
energy-efficient for nanoscale technologies, but require careful common-mode control and may

exhibit higher input capacitance and limited swing [?].

2.5.6 Inductive-Peaked TIA

Inductive peaking augments many cores (CG, RGC, shunt-feedback) to extend bandwidth by
introducing series/shunt inductors that partially cancel capacitive roll-off. Proper tuning can
yield

Sf3dBnew =k faare, k== 2-3.5, (2.14)

with near-Butterworth responses [?]. Inductors add no DC power but consume area and can
introduce peaking/overshoot if underdamped; modern designs balance speed and time-domain
flatness [?]. Inductive peaking is a widely adopted CMOS technique for extending the band-
width of TIA front-ends without incurring DC power. The literature converges on three practi-
cal families that can be applied to CG, RGC, or shunt—feedback cores. [?].

Table 2.1 compares key trade-offs across major TIA architectures (input impedance, band-
width, gain stability, and power). Generally, CG/RGC inputs excel in bandwidth due to their
low Rj,, but they require a noise-aware design. In contrast, shunt-feedback offers excellent
gain accuracy with loop-stability considerations at very high speeds. Inverter-based and active-
feedback TIAs are compelling in scaled CMOS for energy efficiency and tunability, while

inductive peaking remains a powertul technique for extending speed.
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Table 2.1: Key trade-offs across major TIA architectures.

Architecture Input Impedance Bandwidth Gain Stability Power
Resistive Load (Passive) High (= R) Very Low Excellent (no loop) Very Low
Shunt—Feedback Low (= R;/(1+Ag)) High Excellent Medium
Common-Gate (CG) Very Low (= 1 /gu) High Moderate Medium
Regulated Cascode (RGC)  Ultra-Low (= 1/(g,u( 1+AJ,,U]) Very High Good High
Inverter-Based Low (tunable) High Moderate Very Low
Active Feedback Low (tunable) Very High High (tunable) Med-High
Inductive-Peaked Low (tuned) Very High  Good (Q-dependent) Med-High

2.6 Performance Evaluation of Optical Interconnects

The exponential growth in data processing demands and miniaturization of integrated circuits
(ICs) has placed immense pressure on conventional electrical interconnects, which suffer from
gmitations such as resistive losses, capacitive loading, signal crosstalk, and increased latency.
As CMOS technology scales into the deep sub-micron regime, these constraints significantly
hinder the overall system performance and energy efficiency. To overcome these challenges,
researchers and industry alike are exploring Ol as a promising alternative. Ols offer significant
advantages in bandwidth, signal integrity, and energy efficiency. 'Iw section focuses on the
performance evaluation of Ols using three critical metrics: signal delay, power dissipation,
and the power-delay product (PDP), which are essential for assessing the effectiveness and
viability of OI systems at the global level. Signal delay determines latency, while power dis-
sipation affects thermal management and opwtiona] costs. PDP combines delay and energy
consumption into a single efficiency metric. This section provides a detailed analysis of these

parameters.

2.6.1 Signal Delay

Signal delay, also known as propagation delay, is a critical performance parameter for any
interconnect technology, as it directly impacts pggh the maximum achievable data rate and
the overall system latency. It is defined as the time requircw a signal to travel from the
transmitter to the receiver and is therefore directly linked to other performance metrics such
as bandwidth and the power-delay product (PDP) [?,?]. In high-speed VLSI systems, delay
is influenced by both the transmission medium and the interface circuitry. For Ols, the total
delay comprises contributions from the transmitter (tapered buffer driving the modulator), the
waveguide propagation, and the receiver (transimpedance amplifier) [?]. The propagation delay
in an optical waveguide arises from the finite velocity of light within the guiding medium.
This velocity is lower than that in a vacuum due to the waveguide’s effective refractive index
(nefr), which accounts for both the core material’s refractive index and the modal confinement
B

characteristics [?]. The group velocity of light in the waveguide is expressed as v, = e where
g7 ne

¢ is the speed of light in vacuum. Consequently, the time required for an optical signal to
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traverse an interconnect of length Liy is proportional to sierr and Ling [?]. For typical polymer
or silicon-based waveguides used in on-chip Ols, n.y lies in the range of 1.4-2.0, leading to
propagation delays on the order of a few picoseconds for millimetre-scale lengths [?]. At
on-chip scales, this delay remains nearly constant with respect to interconnect length and is
significantly smaller than the delays introduced by the transmitter and receiver circuitry, which

therefore dominate the overall signal delay [?].

2.6.2 Power Dissipation

Power dissipation is a fundamental performance parameter for interconnect technologies, as
it determines the energy efficiency of data transmission and directly impacts the overall ther-
mal budget of an integrated circuit. In high-performance VLSI systems, excessive interconnect
power can limit achievable clock frequencies, put stringent thermal requirements, and reduce
system reliability [?]. For electrical interconnects such as Cu and SWCNT-B, total power con-
sumptionis typically composed of two major components: dynamic power and static power [?].
The dynamic component arises from the charging and discharging of the line capacitance dur-
ing signﬁ(ransitions and is given by: FPiyn = C.(,.VZf, where Ci is the total switched capaci-
tance, V is the signal voltage swing, and f is the operating frequency. In long, high-speed elec-
trical links, additional static power is dissipated in termination resistors or biasing networks,
which can be substantial at gigahertz data rates [?,?]. For SWCNT-B interconnects, the higher
intrinsic capacitance compared to Cu leads to increased switching power consumption [?]. In
contrast, Ols exhibit fundamentally different power dissipation characteristics. Since data is
transmitted via photons in a waveguide, there is no need to charge and discharge a distributed
capacitance along the length of the link, eliminating the dominant dynamic power term present
in electrical interconnects [?]. Instead, in optical interconnects (Ols), the dominant sources of
power dissipation differ fundamentally from those in electrical links. The Transmitter power
is static bias and dynamic modulation energy required to drive the optical source, such as
a vertical-cavity surface-emitting laser (VCSEL) or multiple quantum well (MQW) modulator,
along with the associated driver circuitry. The Receiver power is the bias currents and amplifi-
cation energy consumed by the TIA and any post-amplifier stages needed to restore the signal
to logic levels. Another factor is the Laser or light source power that is needed from the laser
source itself, which may be distributed in a single channel or among multiple channels in case
of employing WDM. Thus, the total power consumption of an optical link can therefore be
approximated as:

For = Pry + Brx + ALaser: (2.15)

where Pry, and P, account for both static bias power and a small amount of dynamic switching
power [?]. A key performance indicator is the critical length beyond which the total power
dissipation of an OI falls below that of an equivalent electrical link. Beyond these lengths,

optical links become increasingly advantageous due to their length-independent power scaling.
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Furthermore, unlike electrical interconnects, where power scales unfavorably with frequency
(Payn o< f), the static nature of Ol power means that high data rates can be achieved without a
proportional increase in power consumption [?].

2.6.3 Power Delay Product (PDP)

The power—delay product (PDP) is a widely used figure of merit (FOM) for evaluating intercon-
nect performance, as it combines both energy consumption and speed into a single metric [?].
It is defined as:

PDP = Payg X lelay- (2.16)

where Py is the average power dissipated by the interconnect, and fge1ay is the signal prop-
agation delay. A lower PDP indicates that an interconnect technology can transmit data both
quickly and with low energy per bit, making it highly desirable for energy-efficient, high-
performance VLSI systems. For electrical interconnects such as Cu and SWCNT-B, both Payg
and fge1ay scale unfavorably with interconnect length due to increasing resistance, capacitance,
and inductive effects [?]. Even with repeater insertion, PDP grows significantly for long links,
since the repeaters themselves introduce additional power consumption while only partially
mitigating delay. In Ols, however, the propagation delay component is nearly independent of
link length at on-chip scales, and the power consumption is dominated by fixed biasing and
modulation energy in the transmitter and receiver [?]. This means that PDP remains relatively
constant across a wide range of interconnect lengths, offering a substantial advantage over
electrical solutions, particularly at global and inter-chip distances.

2.6.4 Comparative Analysis of Cu, SWCNT-B, and Optical Interconnect.

Over the past two decades, numerous researchers have compared the performance of Ols with
traditional Cu and emerging CNT interconnect technologies to identify their respective advan-
tages in nanoscale VLSI systs. These comparisons are generally based on three key per-
formance parameters: signal delay, power dissipation, and the power—delay product (PDP).
The work in [?] models maximum optical I/O count and per I/O circuit complexity for cur-
rent and future generations, using scaling trends in transistor parameters such as gate oxide
thickness, supply voltage, and transconductance. The methodology includes device parameter
assumptions, receiver modeling, particularly for transimpedance-based optical links, leading to
quantified limits and trade-offs that inform OE-&SI performance analysis and design. The
authors in [?] present a preliminary perfoxﬁnce comparison between chip-level Ol and board-
level electrical inteconnects, focusing on time-of-flight (ToF) limited propagation delay as the
key metric. For a 45nm technology node implementing a 4.1 billion transistor single-cycle
architecture on a 572 mm? die, they show that replacing all global interconnects longer than

32 mm with optical waveguides, with embedded air gap cladding, low-k lower cladding, and an
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12
Si0; core enables a ToF limited global clock frequency of 4.4 GHz. In contrast, replacing inter-

connects longer than 36 mm with board-level electrical interconnects yields a maximum clock
frequency of 3.95GHz, WIE purely electrical global wiring is limited to 2.9 GHz due to RC
delays. This translates to a 34% performance improvement over conventional electrical on-chip
wiring and roughly 10% over board-level interconnection. Furthermore, the optical solution re-
quires approximately 32% of total chip area for routing, compared to the 180% area demand
for board-level interconnections, highlighting the superior density and performance potential of
chip-level Ols. In contrast, for electrical links, Cu wire delay per unit length is evaluated by ac-
counting for surface scattering and barrier layer effects, showing that even with repeaters, delay
increases to 65-93 ps/mm at future 50-35 nm nodes. Moreover, delay-optimized repeaters ap-
proximately double wire capacitance, thereby increasing dynamic power dissipation to nearly
1.7mW for a chip-edge length wire at the 50nm node with 15% switching activity. Com-
parative results show that optical interconnects outperform electrical links beyond a critical
interconnect length, where waveguide propagation delay becomes favourable despite receiver
power overheads. The delay—power trade-off curves indicate that for long global wires, optical
systems achieve significantly lower delays with comparable or reduced power, while electri-
cal interconnects retain an advantage for shorter links due to their lower energy per transition.
Miller [?] first highlighted the length-independent propagation delay of optical links compared
to the length-dependent RC delay in electrical interconnects, suggesting a clear advantage for
optics in long-distance on-chip communication. The study in [?] extended this analysis by
modeling both Cu and OI links under identical technology constraints, showing that optical
links maintain significantly lower delays beyond millimeter-scale lengths. The analysis is built
upon rigorous delay and power modelling of each component in the signalling chain, incorpo-
rating ITRS '99 parameters. On the optical side, transmitter delay is considered for a typical
1001F modulator load driven by a CMOS buffer chain, yielding values of approximately 75 ps
at the 50 nm node. The waveguide delay is evaluated using the effective index method and
shown to scale close to the idealised ¢/neg relation, with variations primarily due to aspect
ratio and clacﬁing choice. Receiver delay is modelled using a transimpedance front-end design
with a target bit error rate (BER) of 10 12 where a detector capacitance of 2501F is assumed,
values experimentally demonstrated for on-chip photodiodes. Importantly, the results high-
light that receiver power, dominated by static dissipation, is the primary contributor to overall
optical link energy, whereas transmitter power is comparatively negligible at low input opti-
cal powers. Chen et al. [?] further validated these results through SPICE-based modelling of
CMOS-compatible optical links, demonstrating delay improvements of up to 80% over Cu at
global lengths.

The authors in [?] conduct a detailed comparative study on the performance of Ols against
traditional electrical interconnects, highlighting critical parameters such as delay, bandwidth,
and energy efficiency. Their analysis shows that while electrical interconnects at advanced tech-

nology nodes face severe RC-delay bottlenecks, Ols exhibit delay scaling primarily limited by
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the speed of light in the waveguide medium. For example, chip-level optical links demon-
strate propagation delays on the order of tens of picoseconds per centimetre, independent of
interconnect length, compared to several hundred picoseconds in global copper wires at the
45nm node. Bandwidth density is markedly enhanced in Ols, with reported values exceeding
1 Thps/mm? due to WDM, far beyond the multi-Gbps/mm?” range achievable with electrical
wiring. In terms of energy consumption, experimental Ol prototypes operate at 10-40 fJ/bit,
while advanced CMOS electrical interconnects remain in the 0.5-2 pJ/bit range, representing
nearly two orders of magnitude difference. Furthermore, Ols eliminate signal degradation from
skin effect, crosstalk, and electromagnetic interference, enabling reliable long-distance on-chip
and chip-to-chip communication. These results underscore that Ols not only surpass electrical
counterparts in delay and bandwidth metrics but also offer significant improvements in energy
efficiency and scalability for future VLSI systems.

The authors in [?] further extended the analysis to off-chip applications, where optical links
also demonstrated significant promise. A broader investigation into on-chip comparisons has
been carried out, and this paper builds upon those conference pwications with substantial
enhancements. In particular, it incorporates detailed modeling of resistance, capacitance, and
inductance for both Cu and CNT wires, explores the significance of inductive effects through
simulated step responses, and expands model accuracy beyond what was previously feasible.
Furthermore, Ols modeled with realistic modulator driver energy, laser wall-plug efficiency,
and photodetector responsivity, achieve distance-independent delays (~5 ps/mm), ultra-low en-
ergy per bit (<10 fI/bit beyond ~5-10 mm), and Tbps-scale bandwidth via WDM [?], while be-
ing immune to crosstalk and thermal-induced electrical variations. Despite integration hurdles
such as larger waveguide footprints and thermal tuning overhead, the authors conclude that
Ols are the most promising technology for meeting International Roadmap for Devices and
Systems (IRDS) [?] targets for latency, bandwidth density, and energy efficiency in long-range
on-chip and inter-chip communication.

Rakheja and Kumar [?] examined the PDP for electrical, optical, and plasmonic intercon-
nects, demonstrating that optical links offer a substantially lower and length-independent PDP
at on-chip scales. This was attributed to the combination of near-constant delay and static
power scaling in Ols, in contrast to the superlinear PDP growth observed in Cu and CNT links.
Krishnamoorthy and Miller [?] had earlier predicted this trend in their technology roadmap,
emphasising PDP as a key metric for future interconnect evaluation.

2.7 Summary

Optical interconnects are presented as a practical way to overcome the limits of deeply scaled
electrical wiring. This contrasts reviews copper (Cu) and carbon-nanotube bundles (CNT-B)
interconnects. Cu is mature and dense, but long wires slow down due to RC delay with added

skin effect, crosstalk, and electromigration. CNT-B offers promising current density but still

36




faces variability and contact challenges. Alternatively, Optical links carry data as light in sil-
icon waveguides, so delay grows roughly linearly with length, and multiple wavelengths can
share the same path (WDM). After setting performance goals i.e., multi Gb/s to tens-of-Gb/s
per lane, sub-pl/bit energy, very low BER, compact footprint, and CMOS compatibility, this
chapter reviews building blocks i.e., drivers and modulators at the transmitter, low-loss waveg-
uides/couplers, and at the receiver a photodetector plus a transimpedance amplifier (T1A) that
converts diode current to voltage while setting bandwidth and noise.

The receiver discussion centres on TIA architectures and trade-offs. Passive resistive TIAs
are the simplest but RC-limited. Common-Gate (CG) inputs offer very low input impedance
and high bandwidth, but modest gain, and higher input-referred noise. Regulated gain Cas-
code (RGC)/active-feedback inputs push Rj, even lower and bandwidth higher at the cost of
power and complexity. Closed-loop shunt-feedback TIAs provide accurate, process-robust gain
and low effective input impedance, but loop stability must be managed as capacitance grows.
Inverter-based TIAs are energy-efficient in scaled CMOS when carefully controlled for bias
and common-n‘me. Bandwidth can be extended with inductive peaking techniques.

Finally, the performance parameters such as; delay, power, and power—delay product (PDP)
are compared. Electrical links exhibit RC delay that scales with length squared and often re-
quire many repeaters, thereby increasing power and area. Optical links introduces latency due
to driver and receiver circuits and device chosen i.e., modulator, photodiode, TIA. Optical en-
ergy is driven by source efficiency, coupling loss, modulator swing, and receiver bias; reducing
losses/capacitances lowers required optical power and TIA gain. Overall, optics tends to win
on PDP and latency for long or bandwidth-critical paths, while Cu remains preferred for short

local interconnects, with CNT-B promising but not yet production-robust.
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Chapter 3

Design and Analysis of Active voltage
current feedback (AVCF) Regulated gain
cascode (RGC) based TIA

3.1 Introduction

The receiver block is crucial in OCS design, as it significantly impacts system performance in
terms oﬁata rate, sensitivity, and noise. Designing a receiver block is tedious as it requires
several trade-offs between gain, bandwidth, input-referred noise, and power consumed [?].
All these amplifiers in tranggitter and receiver blocks are implemented using deep submicron
(DSM) CMOS technology due to their high speed, low ccmand high level of integration [?].
The most crucial element in the receiver block is the transimpedance amplifier (TIA) that
verts the small input photocurrent into a corresponding voltage suitable for the follow-up
stage [?]. The transimpedance gain (8V74/81pp) of the amplifier must be high so that even
a tiny current level produced by the photodiode is amplified, thereby reducing the number of
required amplification st and contributing to noise reduction. Thus, the sc@ivity issue
is addressed by the high gain of the TIA. However, as the gain increases, the bandwidth of
the TIA is significantly affected [?]. Thegaput capacitance introduced by the photodiode also
limits the bandwidth. So, to avoid this, the input impedance of the TIA should be reduced,
shifting the input pole towards the right, therebchieving the desired bandwidth. The noise
contributed by TIA will be dominant; thus, it should be kept low, as it is the first stage of
the receiver block. The TIA specifications, high gain, low noise, low input impedance, and
low output impedance, can be achieved by implementing transimpedance amplifiers using var-
ious techniques and topologies. There are primarily two major topologies of TIAs i.e., open
loop TIAs and feedback TIAs. The most common open-loop and shunt feedback TIAs are
common gate (CG) and common source (CS) TIA with a shunt resistor, respectively [?]. Sev-

eral open-loop and closed-loop TIA structures incur tight trade-offs [?] between gain, noise,
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bandwidth and power consumption. Therefore, structural modifications are incorporated by
researchers to come up with ngs TIA topologies such as shunt feedback TIAs [?], regulated
gain cascode (RGC) TIA [?], common source (CS) shunt feedback TIA [?], inverter-based
TIA [?], cross-coupled current conveyor TIA [?], and active voltage-current feedback (AVCF)
TIA [?]. Each topology allows trade-offs between the design parameters according to the spec-
ifications set for the design. Bandwidth enhancement techniques such as gain boosting [?,?],
inductive peaking [?, ?], capacitive coupling [?], capacitive degeneration [?, ?], and feedback
techniques [?,2,?] (> applied to existing TIA topologies for performance improvements. Var-
ious gain-boosting techniques are reported in the literature, such as the positive feedback gain
enhancement scheme [?], cascading multiple stages [?], and cascoding structures [?]. In pos-
itive feedback, the gain is enhanced by reduc'ag output conductance, but at the expense of
system stability. The cas&ajing of amplifiers increases the gain but at the expense of power
consumption and area. A Self-cascode structure increases the gain but at the expense of volt-
age headroom. In this chapter, an AVCF-based TIA [?] is presented that employs a gain boost-
ing technique, which aids in increasing the effective transconductance of the amplifier. It also
reduc the input impedance, thereby reducing the effect of parasitics and photodiode capaci-
tance at the input and enhancing the bandwidth of the presented TIA. Further, a CS amplifier is
cascaded to achieve the desired TIA gain.

3.2 Active Voltage Current Feedback TIA

The traditional AVCF TIA is schematically depicted in Figure. 3.1, where /,,; of the photodiode
is applied at the drain of transistor M, which acts as a feedback device. It senses the voltage
at the output, sending a proportional current to the input; as a result, the impedance at the

input reduces. The gate voltage of M, is é‘i because 1,4 is applied at the drain of M;. The
gy
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transistor M is used in a soggee follower topology and acts as a buffer, so that the TIA gain
is not significantly affected. The offut of this source follower topology, as shown in Fig. ??,
can be written as V,,, = El% Thus, the input and output impedance of this configuration can be
written as Eq. (3.1) and (4.22):

Rin = gl + (31)
{0
RUE!T = %: (32)
gJ111(1+gJJr]Rl) 3

where g, and g, are transconductance of transistor M; and M, respectively, and R; is the
total resistance at the input side due to biasing current source fp;,;, . the parasitic resistance of
photodiode, and the channemngth modulation of transistor M. This topology has low output
impedances; thus, the gain can be increased by increasing the number of stages without any
trade-off with the bandwidth. As seen from Eq. (3.1), by selecting a value of g, Rj, intro-
duces trade-offs between gain and bandwidth for achieving a target gain. In this configuration,
the feedback path has a dimension of conductance. This transconductance is converted into
transimpedance as the input current is converted into voltage by M) itself. This functionality

be achieved with a simple resistor (R ), but the time constant R;C,,; introduces significant
trade-offs between TIA gain, bandwidth, and noise. The transfer function of the AVCF struc-
ture, taking into account the intrinsic resistances and parasitic capacitances, is given by Eq.

(3.3):

5Co+ gmyR2 Ry
S[RyR 1 (C1C2 — C3)] + (8, + ZuntryJR2R1Cy + RaCy + R Gy (3.3)

+(gml —&m2 )RERICO] + [(ng + gmbz )RE + gnngmleRZ + l]

Zria(s) =

ﬁer&: C) =Cij +C,, Cy = Cgy, + Cyy,. Ciyy = Cpg + Cyyy- Cogy and Coy, in Eq. &3) represents
gate drain capacitance of My and gate source capacitance of M> respectively, Cpy4 is parasitic
capacitance of photodiode, C,, is gate drain capacitance of M,. Further, R; is the total resis-
tance observed at the output side. Comparing Eq. (3.3) with the standard transfer function of

second order, the £ and , are calculated as follows:

_ (&my + 8mby JR2RIC1 + R2Co+ R Ct 4 (g — gy JR2R1Co

¢ ; (3.4)
2\/R2RI(CIC2 *C())((g.-.-rg +H.-nb1)R2 +gm]gm1R2Rl -+ l)
ma 1iieh) Ru m ”THR.‘R l
@, = | B2t 8min)R2 + & gmaReR1 + 1 (3.5)
RIR2(C1C2 — ()

where @, is the natural angular frequency, and { is the damping ratio. A system will have

two roots that are imaginary when £ = 0, real and equal when { = 1, real but not equal when
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¢ =1, and complex conjugate when 0 <{ <1. So, according to the value of ¢, the poles

will have a corner frequegeyp @,. By incorporating a gain-boosting structure into the existing
AVCF TIA design, which increases the gain and bandwidth while reducing the input and output
impedances.

gngle

ZsF(0) = . 3.6
Tia ( ) (gm1 -+ gmbg)RE + gau]ngle +1 ( )

The values of Ry, R», and g, are selected for 0.18 um technology, such that the required gain
is achieved without significantly affecting the bandwidth. At low frequencies, the impact of
parasitic capacitances is eliminated. Therefore, gain depends only on intrinsic resistances and
g of the transistors. So, boosting the circuit’s overall g, will increase the circuit’s gain and
bandwidth. Moreover, as seen from Eq. (3.1) and (4.22@% and R,,; depend inversely on g,,,
which implies that boosting the g,, will also decrease the input and output impedance of the
circuit. Therefore, in the next section, a gain-boosting structure is incorporgged into the existing
AVCF TIA design, which increases the gain and bandwidth while reducing the input and output

impedances of the proposed circuit.

3.3 The Proposed TIA-based Optical Receiver

7
The small g,,, along with the photodiode capacitance (Cpy), creates a dominant pole at the input,

limiting the bandwidth of the TIA. Therefore, a lot of gain boosting structures are presented in
literature [?2,?,?,?,2, 7], but in this paper, the RGC structure is used because of its improved
sensitivity and stability [?]. RGC structure enhances the g,,, which relaxes the effect of input
parasitic and further reduces the noise contribution in the TIA. This RGC structure is introduced
as a gain boosting structure in the traditional AVCF TIA to enhance the performance of the

Photodiode

Vout
...................... *

P N A \ CG Transistor
’ Al ]
1 . \
| ' ' I
1 Ipd 1 \ 1
f 1 | 0
' Cro ' --1--
' Active Feedback

AC X Rg
: : Transistor
' GND ,
AR — " GND

Figure 3.2: RGC Structure.
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TIA-based optical receiver.

3.3.1 RGC Structure

The RGC structure depicted in Figure. 3.2 consists of two transistors My and Mp, where My
acts as a boosting amplifier, and Mp acts as an amplifier in CG configuration. The booster
amplifier, comprisinﬁransismr My and drain resistance Ry in the RGC structure, acts as local
feedback, reducinw input impedance by a factor of its voltage gain. This local feedlﬁ:k
is responsible for peaking in frequency response due to the introduction of a zero [?]. The
low-frequency input impedance of the RGC structure is given by:

1
oy (3.7
i (0) P ET .
This factor gmp( 1+ g, Rp) increases the overall transconducc and the gain of the proposed
TIA, as it also appears in Eq. (3.18), which is the DC gain of the proposed TIA. The DC gain
of the RGC structure is:

ZRGC(0) =~ Rp, (3.8)

Thus, Rp must be high to maintain a high gain. Morcacr, to maintain the stability, a large g,
and small Ry is preferred [?]. Also, the approximate transfer function of the RGC structure is
given by:

Rp

Ca '
1+ s.e.np[l |gquQ:)) (l +SRP(C0"!)

(3.9)

Lo = (

where G, is the capacitance at input side that includes Cpg and Cyy,, and C,y is the capacitance

g0
at the output side that includes Cyy, and the load capacitance of tﬁe following stage. It can be
inferred from Eq. (3.9) that the RGC stage contributes mainly two pole frequencies, one at the
input side given by:

@REC = Gup(1+ &msRo)

in o ) (3.10)

, and one at the output side given by:

1

RGC

Wy~ = ———, 3.11
out RPC()IH * ( )

As the input impedance of RGC is much smaller, the dominant pole that affects the 3-dB

frequency of the RGC input stage is @~GC, which can be calculated as:

—_— (3.12)
2]IRPC(mr

faiap =
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Figure 3.3: The proposed receiver front end with g, boosting.
Table 3.1: (W/L) values of the transistors used in the proposed TIA structure.

S.No. Variables Values
W/L) 83.33

(

(W/L)p  166.67
(W/L)g  166.67
(W/L)
(w/L)

> 27778
W/L); 22222

(S SIS T

36
However, due to the presence of an mput pole, the 3-dB frequency is lower than stated. There-

fore, the RGC structure helps isolate the input capacitance, enabling a larger bandwidth to be
achieved. In the next section, the proposed structure of TIA will be analysed, which incorpo-
rates the RGC stage in the AVCF-TIA structure.

a
3.3.2 Analysis of the Proposed TIA

As depicted in Figure. 3.3, the proposed TIA includes a photodiode at the input side that re-
ceives an optical signal from the transmitter bloéa.nd converts this signal into a corresponding
photocurrent. The photodiode is replaced with a simple electrical equivalent circuit consisting
of a photocurrent (/,,;) and a photodiﬂie capacitance. The transistor M, feeds the variations in
the voltage at node V3 to the current at the drain of My, which helps in further reduction in the
input impedance.

This feedback current, along with the /,,; received at the source of Mp, is amplified to be
a voltage at the drain of Mp by this CG configuration. This voltage is sensed by the gate of

transistor M> in source follower topology and drives the load connected at the source of Mz i.e.,
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Figure 3.4: Small signal model of the proposed TIA structure.

Ry and the trﬁlsistor M in this case. One advantage of using the source follower (SF) topology
1

Sy F8mbsy

However, the source followers don’t increase the gain, so an addiWﬂ stage is needed in the

is to reduce the output impedance of the circuit due to its body effect, i.e., Roy, =

circuit to achieve the desired gain, thereby significantly amplifying the weak signal paduccd by
the photodiode. Consequently, a common source (CS) stage is cascaded with TIA to increase
the gain without affecting the bandwidth. This statement is supported by Eq. (4.27) where the

dB frequency is independent of the transconductance of transistor M3. In this design, our
goal is to integrate the proposed TIA with the main amplifier in the future, thereby avoiding the
need for output load matching to 50Q, which relaxes the tradeoffs between power dissiaation,
bandwidth, and gain [?]. The biasing currents Iy,s, and Iy, are provided in this circuit in such
a way that all the transistors are in saturation. The W/L ratios of all thﬁansistors are mentioned
in Table 3.1. The aspect ratios of transistors are selected to reduce trade-offs between design
parﬁ:ters such as gain, bandwidth, power consumption, and input-referred noise.

The swl signal model of the proposed RGC-based TIA is shown in Figure. 3.4. The
effects of gate-source a ate-drain capacitances of the transistors are conside]ﬁ when con-
structing the equivalent high-frequency model of ImT[A-based optical receiver. The transcon-
ductance of the transistors is represenni by gm. Cin is the total capacitance seen at the input
node i.e., Cin = Cpy+ Cg_vq, where Cg_v(f is the gate-source capacitance of the MOSFET Myp. Rinp
is the resistance at the node V;, that includes the effect of channel length modulation of the tran-
sistor M\, resistance contributed by biasing current source Iy, , and the source rcsistﬁe Rs
of transistor Mp. R; is the resistance seen at the node V3, which comprises the effect of channel
length mdulation of the transistor M>, and the resistance contributed by biasing current source
Iias,- The gate-source capacitances of transistors M and M3 are in parallel to each other at

node Vi, thus C,, is introduced as the sum of Cyg, and Cyq,. To find the transfer function of

853"

the proposed TIA, KCL is applied at the nodes Vi, V1, V2, V3, and V. The equations at these




Table 3.2: Variables used in Eq. (3.13)-(3.18)

Variable Description
Rp Resistance seen at
the drain of M.
Cosey Cosy+Cesy
Ceq Cod, +Cos,
8] Cysy+Cout, +Cod,
C3 C[,4+ngp
Cy Cin"'cgdl
R()p Rp H Fop
Roy Ry | rog
Rinfq Rinp H Fop
R Resistance seen at
the node V3.
nodes are as follows: s R
+5Coq. KD
Vi=Voyp— ot — (3.13)
o chd; R.D - g.-u_:RD
[S(ngg + Ctgan) + gmz:| Vi— |:gmg +Sctg’j‘1} Va = {-ﬂgd}} Vouts (3.14)
1
5| Cot o [ Va =, Vin— [, — my |V = [5Css |5, (3.15)
ap
1 )
5| Cat | Vi = [5Cua, | Vo = [Ceq — gm, | Vin (3.16)
aq
1 Vy
tin = 5[Ca gy + | Vin = [sCeq + 8, | Vi = =2 + [, — 5Ca ] 5, 3.17)
Rinw Yop

where the variables used in above equations are defined in Table 3.2. These equations can be
solved for Zyja(s) = ?—" by eliminating Vj;, Vi, V2, and V3 from Eq. (3.13), (3.14), (3.15),
(3.16), and (5.11). The traﬁer function Zrs4(s) has seven poles and five zeros. By putting s=0

in Zyy4 (s), low-frequency gain of the proposed TIA can be computed as:
Sm;8my (l + g.-.-:‘,Roq)Rinm RopRogrop
RogRprop [1+ gy Ring, (1 — g, Rog)] — [m3&m, RDRay (3.18)
(l + gquuq)(l —8m rnp)RinmRup]-

Zyria(0) =

B
By comparing Eq. (3.6) with (3.18), it can be concluded that the gain at low frequencies has

been increased because of the factor (1 +g,,,qR(,q) contributed by the RGC structure as discussed
in Section 3.3.1. So, by selecting a large value of Rp and Rg in Eq. (3.18), the gain can be

increased, but there are constraints in increasing the values so that the noise of the circuit is not
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Table 3.3: Parameter Values of the proposed TIA structure.

S.No. Parameters Values

1 Cpa 300 fF
2 Ihiasl 300 ﬂA
3 Dpias, 5 mA

4 Rp 800 Q
5 Rg 800 Q
6 Rp 500 Q
7 Ry 500 Q

O O ©

Vs 2mqVin gl Va-Vs) BnaVs

®® ) Os @mé ®

Ioo

Figure 3.5: Small signal model for calculating R;,,,,
Cre:ﬂsed much. Hence, the optimum values as shown in Table 3.3 are chosen for Rp and Rp.
The inpuaesistance of the proposed TIA is calculated by applying Kirchhoff’s laws (KCL and
KVL) in a small signal model as shown in Figure. 3.5. It is obtained as:

1
J —— . (3.19)
e gm,,(l +gm(,RqJ (g.-.-n +gn|,,)Rp 7g.-.-:,,
5
If Eq. (5.13) is compared to Eq. (3.1), it can be concluded that the input impedance o

proposed circuit is reduced extensively by incorporating the RGC gain boosting structure. The
3-dB bandwidth of the circuit is calculated by assuming the input pole to be a dominant pole

due to the presence of a large photodiode capacitance. Thus,

1
CinR

ingys

W3_4p ~ (3.20)

8, (14 8 Ry) (guny + 8, JRp — g,
Cpa' + Cg.v‘, ’

W3_ap (3.21)

Again, the facter<{1+ g, R,), contributed by the RGC input stage, is responsible for extending
the bandwidth of the proposed TIA structure. In this way, the proposed TIA based optical
receiver is capable of isolating the photodiode’s input capacitance and achieving a high gain.
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Figure 3.6: The Frequency Response of the proposed TIA, AVCE, and AVCF with CS stage.

3.4 Results and Discussions

The proposed circuit is simulatmsing the Cadence Virtuoso EDA tool in 0.18 um technology
node at 1.8 V supply voltage. The active and passive components used in the TIA circuiﬁ'e
assigned the optimum values, as mentioned in Tables 3.1 and 3.3, to achieve low noise, high
gain, high bandwidth, and low power consumption. Simulation results reveal that the best
trade-off is achieved using these values. The AVCF TIA with and witlgt a CS gain stage is
also implemented and simulated for comparison. Figure. 3.6 represents the frequencyponsc
of the proposed RGC-based TIA, AVCF TIA, and AVCF TIA with a CS gain stage. It can be
seen that the proposed circuit has achieved a gain of 62 dB(2, which is higher than that achieved
in the case of AVCF (51.27 dB{2) and AVCF with CS gain stage (47.87 dBQ2). The introduction
of the RGC gain boosting structure in the traditional AVCF structure has also extended the
bandwidth from 1.83 GHz to 8.2 GHz.

34.1 DC Analysis

DC analysis refers to the evaluation of a circuit’s steady-state behaviour when subjected to con-
stant (time-invariant) inputs, usually with all capacitors treated as open circuits and inductors

as short circuits. The objective is to determine the biasing conditions of active devices (tran-

Vit V)
\

1oos s
1008 "
1007
100
1oos

oo

Figure 3.7: DC transfer characteristics of the proposed TIA.
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sistors) and the operating point (Q-point) of the circuit. This analysis ensures that the circuit
operates in the correct region of the device’s I-V characteristics, such as keeping MOSFETSs
in saturation for amplification. For DC analysis, a DC source is applied at the input, and DC
transfer characteristics are plotted in Figure. 3.7. It can be depicted from the plot that the
transfer characteristics of output voltage and input current are linear.

3.4.2 Eye Diagram Analysis

An eye diagram is a widely used method for evaluating the quality of high-speed digital signals,
formed by overlaying multiple bit periods of a waveform on a common time axis to create a
characteristic eye-shaped pattern. The openness of the eye conveys critical information about
signal integrity, with the vertical eye opening indicating noise margin and the horizontal eye
opening reflecting timing margin against jitter. In the design of transimpedance amplifiers
(TIAs), eye diagram analysis serves as a crucial diagnostic tool, as it captures the combined
effects of bandwidtwmjtations, noise, inter-symbol interference (ISI), and jitter on the output
signal. Figure. 3.8 shows the eye diagram analysis at the output for a 10 Gb/s Pseudo-random
binary sequence (PRBS7) for peak-to-peak input current levels of 10 uA, 100 pA, and 1000
1A, The results show that the eye is wide open at these current levels, suggesting negligible
distortions in the output. Also, the peak-to-peak jitter varies from 13.9 pS to 7.5 pS when the
input current level is varied from 10 pA to 1000 uA. In all these simulations, C,,; is kept at 300

fE.

(a) Output eye diagram for 10pA input (b) Output eye diagram for 100uA input
peak-to-peak current. peak-to-peak current.

(c) Output eye diagram for 1000y A input
peak-to-peak current.

Figure 3.8: Simulated output eye diagram of the proposed TIA with 10 Gb/s 27 — 1 PRBS.
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3.4.3 Effect of Temperature and Cp,

on Bandwidth The gain and bandwidth of a TIA are significantly affected by both operating
temperature and photodiode junction capacitance (Cpg). An increase in temperature reduces
carrier mobility in MOS transistors, which lowers the transconductance (g,,) and degrades the
amplifier’s open-loop gain, whilﬁlso increasing thermal noise and photodiode leakage current,
thereby reducing sensitivity and the signal-to-noise ratio (SNR). On the other hand, a larger C,;
sereases the effective input capacitance at the TIA front-end, forming a dominant RC pole with
the feedback resistor Ry that reduces the —3 dB bandwidth according to

LB T
f ZJ‘IRf(de -+ Cf")

The ﬁect of Cpg on the gain and bandwidth of the proposed TIA is shown in Figure. 3.9.
The photodiode capac'ﬁce is swept from 100 fF to 500 fF, resulting in the variation of the
frequency response of the proposed TIA. It can be observed that with an increase in the value
of Cp4, the bandwidth deteriorates; however, this change is not significant, as shown in Fig-
ure.3.9. In practical conditions, temperature also affects the system’s performance. Thus, the
effect of temperature on bandwidth is plotted in Figure. 3.10 at 27°,54° 81°, and 108°C. As

the temperature rises, there is a reduction in bandwidth. This phenomenon occurs because the
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Figure 3.9: Effect of varying photodiode capacitance on the Bandwidth.
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Figure 3.10: Effect of temperature on the Bandwidth of the proposed TIA.
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Figure 3.11: Effect of Temperature on the Gain of the proposed TIA.

resistance also increases due to scanerinwhich ultimately imposes a constraint on the band-
width, as mentioned in references [?, ?]. The effect of temperature on the frequency response
of the proposed TIA is also illustrated in Figure. 3.11, indicating a slight decrease in gain as

the temperature rises.

3.4.4 Monte Carlo and Process Corner Simulation

Monte Carlo (MC) simulation is a statistical verification methodology used to quantify the
impact of random process variations and device mismatch on key TIA specifications, i.e.,
transimpedance gain Zry4, bandwidth f_s4g, input-referred noise, output swing, offset, and
stability margin. MC captures stochastic spreads arising from local (intra-die) mismatch i.e.,
threshold voltage AVy, mobility A, resistor ratio error AR/R, capacitor variation AC/C) and
global (inter-die) variations. In a typical flow, each run samples device and component-level
parameters from specified probability distributions, re-solves the circuit operating point, and
evaluates performance metrics. Repeating this N times produces empirical distributions for
each metric, from which the yield can be estimated. The end goal is a statistically robust TIA
meeting simultaneous gain, bandwidth, noise, and stability targets with sufficient yield margin
across manufacturing and operating uncertainties.

In practical fabrication conditions, device mismatch and process variations affect the pro-
posed circuit’s behaviour [?]. Therefore, the MC simulation with device mismatch and process
variations is iterated 500 times. The results obtained are illustrated in Figure. 3.12 and Fi
ure. 3.13. MC simulations of gain and bandwidth reveal that the proposed circuit achieved a
gain in the range of 58.26-62.68 dBQ, and the bandwidth achieved peaked between 6-9 GHz
with a standard deviation of 946.111 MHz, which is 1.58 % of the maximum achievable gain.

Process corner analysis is also executed with two corners i.e., Fast (F) and Slow (S). Figure.
3.14 show the frequency response at two corners, concluding that it has a marginal effect on
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Figure 3.14: Frequency Response using Process Corner Simulation.

the gain and affects the bandwidth more than the gain. The bandwidth varies from 5.97 GHz
to 11.5 GHz at the S and F corners, respectively. This analysis proves that our proposed TIA

design is also robust in practical environmental conditions.

3.4.5 Stability Analysis

Stability analysis is the process of ensuring that the amplifier and photodiode system remains

free of oscillations and excessive peaking across all expected operating conditions. The pho-
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(a) Bode plot of loop gain at W = 15um. (b) Bode plot of loop gain at Wy = 10um.
. .
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(c) Stability factor, Ky

Figure 3.15: Stability analysis of the proposed circuit showing Bode plots of loop gain and
K-factor.

todiode introduces a junction capacitance (Cp4) which, together with the amplifier’s input ca-
pacitance (Cy,) and the feedback network, creates frequency-dependent poles and zeros in the
loop response. If not properly controlled, these reactive components can reduce the phase mar-
gin, leading to signal peaking, ringing, or even oscillation at high data rates. Stability analysis,
therefore, involves evaluating the loop gain and the noise gain of the system, identifying the
locations ofpﬁs and zeros, and determining whether sufficient phase margin (typically > 60°)
is maintained at the unity-gain frequency of the loop. Thus, various techniques are employed to
achieve stability, as it is essential for guaranteeing reliable, oscillation-free operation in high-
speed optical receivers, thereby enabling robust gain and bandwidth performance across diverse
opeﬁing conditions.

To verify the stability of the proposed TIA between the peak frequencies of 6-9 GHz, a
stability analysis is performed in the Cadence Virtuoso analogue design environment at room
temperature. This analysis involves introducing a test prcm into the negative feedback loop to
calculate the loop gain, gain margin, and phase margin. Figure. 3.15(a) and Figure. 3.15(b)
shows the loop gain and phase plots fﬁ%: 15 pm and W= 10 pm respectively. At Wi= 15
wm, the Gain margin is 3.13 dB at a phase crossover frequency of 7.89 GHz, and the phase
margin is 18.13 at a gain crossover frequency of 6.89 GHz. At Wi= 10 pm, the Gain margin
is 7.18 dB at a phase crossover frequency of 7.87 GHz, and the phase margin is 54.5° at a gain
crossover frequency of 5.3 GHz. It can be concluded from these figures that the phase mar-

gin has been increased to 54.5" from 18.13" by reducing the width of the transistor M, thus
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making the system more stable. Due to the dominant pole approximation, the system’s stabil-
ity depends on the transconductance of the gain-boosting stage and the parasitics associated
with the input node, and it can be further improved by decreasing the width of transistor Mp.
However, decreasing the width reduces the transconductance, thus increasing the noise con-
tribution. Hence, this tradeoff must also be considered when designing the TIA-based optical
receiver [?]. Further, the Rollet’s stability factor (K) is plotted using the S-parameter analysis.
Figure. 3.15(c) shows that K is always greater than one in the frequency of interest, ensuring
the stability of the system.

3.4.6 S-Parameter Analysis

S-parameter analysis is a powerful technique for evaluating input/output matching, forward
gain, and stability across a frequency range. While low-frequency small-signal models rely
on lumped RC approximations, S-parameters provide a frequency-domain description of the
circuit under realistic loading and interconnect conditions.

For a TIA, the input port is defined at the photodiode interface, while the output port is the

voltage node driving subsequent post-amplifiers. The most important S-parameters include:

* 511 (Input Reflection Coefficient): Indicates the degree of signal reflection at the TIA
input. A low |Sy;| ensures maximum current transfer from the photodiode into the am-
plifier. Since a TIA ideally presents a virtual ground, maintaining a low |S,| over the
entire bandwidth is critical.

521 (Forward Gain): Represents the transimpedance transfer function from input current
to output voltage. The magnitude of §»; determines the frequency-dependent gain, while
the —3dB point of |S7;| defines the effective bandwidth. The phase response of S3;
also provides group delay information, which is important for analysing inter-symbol
interference (ISI).
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Figure 3.16: S-parameter analysis for the proposed TIA showing the S11, S21, S22 in dB vs
frequency.
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S22 (Output Reflection Coefficient): Describes the matching of the TIA output to its
load. A low |S22| reduces output reflections and ringing, ensuring a robust interface with
limiting amplifiers or measurement systems.

S12 (Reverse Isolation): Characterizes the amount of output signal that couples back
into the input. A low |S;2| prevents noise or interference from degrading photodiode

performance and overall receiver sensitivity.

Beyond matching and gain, S-parameters are also used for stability verification. The Rollet
stability factor K and the stability measure u, derived from the two-port S-matrix, must satisfy
K > 1and u > 1 across the operating frequency range for unconditional stability. Furthermore,
the group delay extracted from the phase of S, provides insight into waveform distortion at
high data rates. Figure. 3.16 shows the simulated S11, S12, and S22 parameters, which repre-
sent the reflection coefficient at the input, power gain, and reflection coefficient at the output.
It cansbe seen that a good impedance matching is seen at the input as S11 is better than -10
dB. The power gain of the proposed TIA $21 is 13.5 dB at 6 GHz and 3.5 dB at 9 GHz. The
output reflection coefficient S22 is around -5 dB as the output load is not matched to 50Q as
mentioned in Section 3.3.

34.7 Layout and Post layout Simulation

The layout of the proposed TIA circuit, as depicted in Figure. 3.17, is extracted using the
layout XL editor in the Cadence design environment. It occupies an area of 28.5 x 32.3 um®
without including bond pads. The size comparison is illustrated in Table. 3.4.

Further, the parasitic capacitance values of the layout are exlrﬁ:d using the Assura tool
in Cadence, and the post-layout simulation of frequency response at different temperatures is
shown in Figure. 3.18. The impact of parasitic capacitances on the design becomes evident

as they increase the ripples in the frequency response, resulting in a decrease in overall band-

Figure 3.17: Layout of the proposed circuit. (The scale of the Ruler is in um.)
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Figure 3.18: Post-layout frequency response at ditferent temperature conditions.

(@ 31.0233pAssqre(He)

f T T Ty RN (R R EREET] oy

10° 10% 107 10M 107 10"

107
Freq (Hz)

Figure 3.19: Post-layout current spectral density of input referred-noise.

width. When subjected to different temperature conditions, the post-layout frequency response
indicates that circuit operation remains desirable. The bandwidth of the circuit decreases with
temperature, which validates the results achieved in Figure. 3.10. Figure. 3.19 shows the cur-
rent spectral density of input-referred noise, which is equal to 31 \;’—;}, at the circuit bandwidth
(8.2 GHz).

In Table 3.4, a comparative analysis is executed between existing desgggs of TIA’s with the
proposed TIA. According to the table, the proposed TIA design achieves high gain, wide band-
width, and low input-referred noise while consuming a very low Pgg* of 14.5 mW, compared
to other existing TIA’s in the litmw. The proposed TIA layout occupies an area of 0.0008
mm® without including bond pads. To have a fair comparison, two figures of merit (FOM' and
FOM?) are defined using the following expressions:

Bandwidth (GHz) x Gain (Q)

FoM' = (3.22)
Power (mW)

Bandwidth (GHz) x Gain (dBQ) x Cpd (fF)
Power (mW) x Noise (pA/\/HzJ

FOM? =

(3.23)

The FOM' serves as a metric for comparing the performance of various TIA’s based on

parameters like gain, bandwidth, and power consumption. Additionally, the FOM? considers
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EE]
Table 3.4: Performance comparison of the proposed inductorless TIA with state-of-the-art de-

signs.

Parameter ™M ™M [ [ 7 [?1 This Work
[112009 | [2]2017 | [3] 2018 | [4]2015 | [5]2016 | [6] 2013 2025
Technology (nm) 180 180 65 180 180 180 180
Transimpedance Gain (dB£2) 55 59 62 50.3 58 46 62
Bandwidth (GHz) 7.0 7.9 11.0 9.0 8.1 4.0 8.2
Photodiode Capacitance (fF) 200 300 200 300 300 250 300
er Consumption (mW) 18.6 18.0 66.0 30.0 348 31.5 14.5
Supply Voltage (V) 1.8 1.8 = 1.8 1.8 1.8 1.8
Input-Referred Noise 17.5 23.0 30.0 134 15.0 18.0 31.0
(pA/v/Hz)
Number of Inductors 1 2 2 3 2 0 0
Result Type Meas. Post Meas. Pre Pre Meas. Post
Core Area (mm?) 0.10 0.11 0.08 - - 0.35 0.0008
FOM! (GHzQ/mW) 207 391 209 98 185 25 707
FOM? (GHzQ/(mW pF)) 237 281 69 338 270 81 339

not only these factors but also the impact of Cpy and noise. By utilising Eq. (4.28) and (4.29),
the FOM' and FOM? aggacomputed for the proposed circuit and the similar TIA’s offered
in the literature. While the proposed circuit outperforms other TIA's in terms of achieved
bandwidth, with the exception of designs in references [?] and [?], these alternatives consume
more power and exhibit lower FOM" values, as depicted in Table 3.4. Although FOM? of [
aligns comparably with the proposed design, it uses three inductors in its design, leading to a
substantial chip area requirement. In conclusion, it is evident from Table 3.4 that our proposed
design surpasses the performance of the other TIA’s outlined in the existing literature in terms
of parameters defined in FOM' and FOM?.

a
3.5 Summary

11
This chapter presented the design and analysis of a high-speed Transimpedance Amplifier

(TIA) based on an Active Voltage—Current Feedback (AVCF) assisted Regulated Gain Cascode
(RGC) topology. The discussion began by outlining the limitations of conventional TIA archi-
tectures and establishing the motivation for adopting an RGC structure enhanced with AVCFE
The proposed design aims to achieve a low input impedance, improved bandwidth, and con-
trolled gain behaviour, all of which are essential for high-speed optiﬁ receiver operation. A
small-signal analysis was included to clarify the gain mechanism and the influence of feedback
on the overall frequency response.

A comprehensive set of simulations was carried out to evaluate the performance of the pro-
posed TIA. DC and AC analyses demonstrated that the amplifier delivers a high transimpedance

gain along with a wide bandwidth suitable for multi-gigabit datarates. Eye-diagram evaluations
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showed clean signal transitions, indicating reliable data reception. The influence of temperature
variations and photodiode capacitance was also examined, confirming the stability of the de-
sign under realistic operating conditions. Process-related variations were assessed using Monte
Carlo and corner simulations, and the results indicated strong robustness against fabrication-
induced fluctuations. Stability was verified using phase-margin analysis and S-parameter eval-
uation. Post-layout simulations, which incorporate parasitic effects, showed close agreement
with schematic results and validated the practical feasibility of the proposed circuit.

Overall, this chapter demonstrated that the AVCF-RGC based TIA achieves a balanced
combination of gain, bandwidth, stability, and tolerance to environmental and process varia-
tions, making it a suitable choice for high-speed and low-power optical interconnect receiver
applications.
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Chapter 4

Modeling and Analysis of Receiver and
Transmitter for Optical Interconnects
(OIs)

4.1 Introduction

This chapter presents a comprehensive modeling of the transmitter and receiver circuits that
form the essential building blocks of OlIs. The transmitter circuits are designed to efficiently
drive the capacitive load of optical modulators, while the receiver circuits amplify and restore
the weak photocurrent into reliable digital signals. Several existing transmitter designs reported
in literature arﬁtudied and modeled, including inverter-based buffers, tapered buffers, differ-
ential drivers, current-mode logic (CML) drivers, etc. The receiver section is modeled using a
conventional TIA-based architecture. Together, these provide a baseline system model against
which the performance of the proposed AVCF-RGC receiver (Chapter 3) will be compared.
This chapter develops a comprehensive, circuit-level model of the transmitter and receiver
building blocks that enable high-speed, energy-efficient on-chip optical interconnects (Ols). On
the transmitter side, the primary challenge is to drive the strongly capacitive optical modulator
with minimal delay and controlled waveform distortion. On the recﬂ/er side, the objective is to
convert sub-microampere photocurrents into rail-to-rail logic with wide bandwidth, low input-
referred noise, and predictable gain. The transmitter path is modeled using existing topologies
i.e., superbuftfers, inverter-based buffers and tapered buffers, while the receiver path is modeled

using a novel transimpedance amplifier (TIA) topology discussed and designed in Chapter 3.

4.2 Circuit Modeling of Transmitter

Optical modulators are indispensable components in on-chip and off-chip Ols, as they serve

as the electrical-to-optical (E/O) conversion interface between the electronic domain of CMOS
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logic and the photonic domain of silicon waveguides. The primary role of a modulator is to

encode high-speed electrical data onto an optical carrier, thereby enabling transmission over
low-loss and high-bandwidth optical channels. The performance of the entire optical link is
strongly determined by the efficiency, bandwidth, and energy consumption of the modulator,
making it both a critical bottleneck and an enabler in photonic interconnects. Typical modula-
tors have a load capacitance in the range of 50-100 fF [?]. To drive such a large capacitance
with minimum delay, a buffer circuit is required, which is essentially a single CMOS inverter
or chain of CMOS inverters or a specially designed driver stage inserted between the logic
core and the load device. Its primary purpose is to amplify current-driving capability while
preserving logic functionality, thereby ensuring fast charging and discharging of the modula-
tor’s capacitive load. A minimum-sized inverter has limited drive capability due to the finite
on-resistance (R,,) of its PMOS and NMOS transistors. The propagation delay of the inverter

is approximately expressed as:

Ipd ~Rpn-Cp (41)

From the above relation, it is evident that as Cy, increases, the propagation delay increases
propogignally, causing a significant degradation in performance. When the load capacitance is
large, the charging and discharging currents provided by E inverter transistors are insufficient
to achieve fast voltage transitions, thereby increasing the rise and fall times of the signal.

The degradation of slew rate due to a large capacitive load not only affects timing but also
compromises signal integrity. Slow transitions may result in short-circuit currents in the sub-
sequent gates, since both the PMOS and NMOS transistors in those gates remain momentarily
conductive during the transition. This increases dynamic power dissipation and can lead to
erroneous logic levels under high-speed operation.

Furthermore, a single inverter faces practical limitations in terms of fanout. If an inverter is

required to drive multiple gates simultaneously, the effective load capacitance is given by:

CL=N-Cp (4.2)

where N is the fanout factor and C;, is the input capacitance of one gate. Thus, the delay
scales linearly with fanout. For large values of N, the delay can become several times the
intrinsic gate delay, making the circuit unable to meet performance requirements. In cases
where interconnects extend off-chip, the capacitance is often orders of magnitude larger than

the intrinsic gate capacitance, leading to even more severe performance bottlenecks.

4.2.1 Super Buffers

A superbuffer is a modified buffer circuit that overcomes the asymmetry of conventional CMOS

inverters in sourcing and sinking currents when driving large capacitive loads. In a standard
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Figure 4.1: Inverting and Non Inverting Superbuffers.

inverter, the pull-down NMOS transistor provides higher drive strength compared to the pull-up
PMOS transistor due to the difference in carrier mobilities (y, >> U,), resulting in unequal
rise and fall delays. The propagation delay of a standard inverter driving a capacitive load Cr,

can be expressed as

e Cf{::’“ . (4.3)

where Iy, is the effective drive current of the pull-up or pull-down device. Since the pull-
up current in a conventional inverter is weaker, the high-to-low transition is typically faster
than the low-to-high transition. In a superbuffer, this asymmetry is resolved by employing a
depletion-mode NMOS transistor as the pull-up device and an enhancement-mode NMOS as
the pull-down. The gate of the pull-up transistor is tied to the complement of the input signal,
ensuring that whenever the pull-down is off, the pull-up is strongly turned on. The effective
pull-up current in a superbuffer is approximately Ipy > (Vgs — VT)2 with Vg being close to
Vpp. thereby yielding nearly four times the current sourcing capability of a standard inverter
of the same size. Similarly, the pull-down current is given by Ipyjigoun > (Vggfvr)z and is
comparable to that of the pull-up device, making the rise and fall transitions nearly symmetrical.

Consequently, the propagation delay of a superbuffer is reduced and can be approximated as

CeVpp _ CiLVpp

(4.4)

th s~ 2 R
[ »
Ipu up Tpulidown

which is significantly smaller than the delay of a conventional buffer when driving the same
capacitive load. This property makes superbuffers particularly attractive for optical modula-
tors, whose input capacitances are typically in the range of tens to hundreds of femtofarads.

The two types of superbuffer circuits that are widely used are inverting and noninverting
superbuffers (as shown in Figure. 4.1) that are symmetrical in their capability of sourcing and

sinking charge into a capacitive load. In the inverting topology (Fig. 7a), a small inverter gener-
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ates Vip that drives the pull-up gate, while the pull-down gate is driven by Vi;. Hence, for Vi =0
the pull-down is OFF and the pull-up sees a near-Vpp gate drive, sourcing strongly so that Voy
rises; for Vi, = 1 the pull-down turns ON and rapidly discharges the load, producing logic in-
version with nearly symmetrical rise and fall times. In the non-inverting topology (Fig. 7b), the
internal control nodes are cross-coupled such that the pull-up is driven ON when Vj;, = 1 and
the pull-down is driven ON when Vi, = 0, so V,, follows V,,, while retaining balanced drive.
In practice, depletion NMOS devices may be unavailable and NMOS pull-ups can limit Voy to
~ Vpp — Vr; therefore, modern implementations often prefer a CMOS tapered inverter chain to

obtain rail-to-rail swing and robust PVT performance.

4.2.2 Tapered Buffers

Tapered bufters are geometrically sized CMOS inverter chains where each successive stage is
larger than the previous one by a fixed scale factor, also known as tapering factor (f). They
are particularly attractive for purely capacitive loads [?]. For resistive loads, typically for long
interconnect lines, repeater chains are used that constitute a chain of CMOS inverters [?]. The
first inverter in the chain is a standard minimum-sized gate (W,,;,) as shown in Fig. Each sub-
sequent inverter is larger, meaning its transistors are wider by a factor of 8. This increases its
current drive, making it faster at charging the next stage’s input capacitance, but also increases
its own input capacitance, resulting in a slowdown of the previous stage. Mathematical analysis
shows there is an optimal scale factor (typically between 3 and 4 for CMOS) that minimises
the toﬁlelay through the entire chain [?].

A tapered buffer is interposed between the logic registers and a large capacitive load to
provide impedance isolation and sufficient drive strength. Its input exhibits high impedance,
thereby preventing excessive loading of the upstream registers, while its geometrically sized
stages can source and sink large currents to charge and discharge the load rapidly. Conse-
quently, the buffer decouples the load from the logic, restores logic levels, and amplifies drive
capability. Tapered buffers are a well-established CMOS structure, and numerous methodolo-
gies have been prﬁ)sed that target different performance objectives. The most commonly
addressed criteria are propagation delay, power dﬁpation, physical area, and, more recently,
circuit reliability. Prior work generally employs analytic expressions to determine the § and
the number of stages (), yet these methods are heterogeneous, rarely consider all four criteria
concurrently, and often produce conflicting recommendations. The work in [?] introduces a
unified methodology that jointly selects the tapering factor- stage buffer, nu ed OtoN — 1.
The unification is realised by adopting consistent device and interconnect models to derive
analytic expressions for all four metrics, yielding similarly structured formulas that can be
composed into a single, multi-objective tapering framework.

The most simplistic version of the tapered buffer is Jaeger’s model, where each stage of

the butfer is represented by one conductor and one capacitor, as shown in Figure. 4.2. This
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Figure 4.2: Jagaers Buffer Model

is an N stage buffer numbered 0 to N — 1 with C; and g being the logic level capacitance and
conductance, respectively. The stage k has conductance, capacitance, and time constant given
by:

w=p (4.5)
Cp =B (4.6)
T =pT (4.7

where T; is the logicﬁvcl time constant given by 7; = % The overall delay of a tapered buffer
can be expressed as the sum of the time constants of its stages:

n—1

r(,:E T =npT. (4.8)
k=0

The effective load capacitance at the output stage is related to the input capacitance C; by the
geometric progression
CL=B"G. (4.9)

From this relation, the number of stages required to drive a load €z, can be written as

In(Cr/C)
= (4.10)
In(B)
Substituting (4.10) into (4.8), the total buffer delay becomes
_ Gy B
q,_r,-ln(a) W 4.11)
Minimizing (4.11) with respect to f§ yields the well-known optimum taper factor

B*=e~2.72, (4.12)
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which leads to a minimum delay of

i — o [m(gﬂ 7. (4.13)
Ci

The associated buffer penalty factor, which represents the normalized delay overhead due to

C
B,— e-ln(é‘). (4.14)

i

insertion of the buffer chain, is

For more accuracy, the capacitance of each stage can be decomposed into an inherent output
capacitance Cy (including diffusion, gate, and short-circuit contributions) and an incidental load
capacitance C,. Thus the reference stage capacitance becomes C; = C, +C,. The equivalent
short-circuit capacitance is estimated as

I

-
~——r (4.15)
3Vpp(t-+ 1)

e

18
where I, is the peak short-circuit current of the inveﬁr, and 7, and 7 are the rise and fall times,

respectively. With an effective transconductance g, the logic-level time constant is

C,+C,
P (4.16)
g
For the k-th stage in the tapered chain, the time constant becomes
ke 4 ghHle
= % @.17)
B*s
which simplifies to
Ci+ G —1)Cy
=707 Y e )| r, (4.18)
g
or equivalently,
w=[1+(B-1)p|z, (4.19)
where c
Y
= . 420
P=cqq 200

This formulation highlights the design trade-off: larger  reduces the number of stages needed
but inflates the per-stage delay through the (§ — 1) p term, while moderate taper ratios (close to
e) strike an optimal balance between speed and area overhead.

In this thesis work, a tapered buffer is designed having a tapering factor § with the above-
discussed modeling equations. Typically B greater than e = 2.72 is selected [?]. The minimum-
sized inverter, with width W,;,, is used as the first stage, and the last inverter, having width

Wy = Wiin X% ,BN ! will drive the capacitive load of the modulator. As depicted in Figure. 4.3,
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Figure 4.3: Tapered Buffer with split capacitor model

a split capacitor model of the buffer is considered where logic level capacitance is divided into
two capacitances, i.e., output capacitance (C,) and incidental load capacitance (C,). Depending
on the ratio of % the optimal value of 8 is selected. The value of N, as determined in [?], is
dependent on f3, modulator capacitance C,,,4, and incidental load capacitance C, [?]. It may be
expressed as:
!r)g(‘%"’
IngB '
In DSM regimes, short-channel effects, such as velocity saturation effects, also play a vital

4.21)

role. Therefore, the alpha-power law MOSFET model is considered here for the delay and

power calculations of the tapered buffer, as described in [?].

4.22.1 Waveguide

An optical signal propting through a waveguide experiences a finite propagation delay, pri-
marily determined by the effective refractive index of the guiding medium and the physical
length of the interconnect. In this work, a strip polymer waveguide is considered with a core
cross-sectional area of 2.25 ptm2 and an effective refractive index (nerr) of 1.48, as reported
in [?]. The waveguide is assumed to operate in a single mode regime, which simplifies the
delay analysis by avoiding mode-dependent dispersion and multimode interference.

The time delay incurred by the optical signal traveling through the waveguide, denoted as
fyg, can be approximated using the following expression:

ey X Ling “.22)

lye =
.1 ¢

where Liy is the physical length of the O, negr is the effective refractive index of the waveg-
nide, and ¢ is the speed of light in vacuum (approximately 3 x 10® m/s).

This expression stems from the fundamental definition of phase velocity in a waveguide
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medium, where the signal velocity is reduced compared to free-space propagation due to the

eguide’s refractive index. In this context, n.g effectively models the modal confinement of
the optical field within the core and cladding structure of the waveguide. The delay expression
assumes negligible material and waveguide dispersion, and ignores any frequency-dependent
or temperature-induced variations in s.

Furthermore, the influence of waveguide geometry, such as width, height, and sidewall
roughness, on s,y and dispersion is not considered in this model. While such effects can
become significant in high-precision photonic circuit design, their exclusion here allows for a
simplified first-order analysis suitable for system-level modeling and estimation.

This delay metric is crucial in evaluating the performance of on-chip optical interconnects,
particularly in applications that involve high-speed data transmission and tight timing budgets.
The ability to accurately model waveguide delay enables more efficient design of photonic
networks and better synchronization with electronic subsystems.

4.3 Receiver Modeling

For receiver modeling, a TIA is employed that converts the current generated by an MSM pho-
todetector /4 to the corresponding voltage (Vyy) while holding the input node at very low
impedance (virtual ground) to suppress the RC pole formed by detector and wiring capaci-
tances, as shown in Figure. 2.10. Its behavior is compactly described by the transimpedance
Zy(s) via Vou(s) = Zr(s)ipa(s), with dc gain Ry = Zy(0). A low input impedance (R;, ~
Ry/(14Aq) is created at he input using a negative feedback configuration by placing a feed-
back resistance Ry around the amplifier with loop gain Ay is large, allowing high gain without
the bandwidth penalty of a simple load resistor. A single grounded resistor can also perform
the same function and yield an equivalent transimpedance gain, but the impedance observed by
the input current ipy encounters a high impedance R as shown in Figure. 2.10. On the other
hand, the introduction of a TIA offers a significant advantage, as the input pole is given by
Wpo = m, in contrast to the expression @, = ﬁ shown in Figure. 2.10. This reduction
in the pole frequency due to the gain term (1 + Ag) effectively results in a higher bandwidth.
Also, if fj suffers from nonlinearity due to large voltage swings across it, the TIA structure
mitigates this effect by reducing these swings approximately by a factor of (1 +Ap). For op-
timal performance, the cgse amplifier with gain A must be carefully designed so that the TIA
simultaneously achieves wide bandwidth, low input-referred noise cuﬁent, and adequate gain
to minimize noise contributions from subsequent stages. In practice, the amplifier is typically
implemented as a single-stage design, with its bandwidth selected to be at least 70% of the

target data rate [?].
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4.4 Receiver modeling using novel AVCF RGC TIA

In this work, an AVCF-based RGC TIA, as shown in Figure. 4.4 is incorporated into the Ol
receiver block [?]. This novel structure consists of an Active voltage current feedback (AVCF)
based TIA employing a regulated gain cascade (RGC) stage in its path that aids in increasing
the effective transconductance of the proposed TIA with a factor of 1+ g,,,qR,,[,. This TIA is
preferred over an open-loop common gate (CG) or RGC configuration due to the inclusion of
local voltage-current feedback that acts as negative feedback. Additionally, This TIA decreases
the input impedance, minimizing the impact of parasitics and photodiode capacitance athe
input, further extending the bandwidth of the receiver [?]. By constructing the equivalent small
signal model of the AVCF based RGC TIA, the expression for the DC gain of this TIA is
calculated as [?]:

O e T ] et )
GRDTap mp lingg myRog s 8o oy iy og
(1= g Yop) Rin Rop.  (4.23)
where g, are the transconductances of the MOSFETS M; as shown in Figure. 4.4, To, T,
are the output resistances of MOSFET s Mp and My, respectively. Rp, is the drain resistance of
Ms. Ryp, Roy. and Ri”w

Assuming the input pole is the dominant pole, the 3-dB frequency of the TIA is given by [?]:

are givby Rp || rop. Rp || rop, and Rp || rop respectively.

- gm,,(l + gm(,Rq) (gm] + gm,,)Rp —8m,
de + C‘g.vq. ’

o 4p (4.24)

So, from the above equation, the component responsible for bandwidth extension is the gain of
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the local feedback stage. It can be further increased, but Cugg must be taken as this could bring
stability and linearity issues to the circuit, leading to more power consumption [?].

Only a single stage of the TIA is used, ensuring stability is not an issue [?]. The delay
of the front-end stage will be the dominating factor as the input pole holds the position of the
dominant pole. Therefore, considering the 10-90% rise time of an RC circuit, which is given
by 2.2 times the RC product of the input stage. The delay of the receiver circuit (T, ) is
determined solely by the receiver’s bandwidth requirements, measured in radians per second.
Therefore, it can be expressed as follows:

T 22X R % - (4.25)

The above equation states that 7, can be reduced by increasing the width of the transistors;
however, power consumption will increase. This trade-off must be carefully dealt with for an
optimised design. A common source (CS) ampliﬁeraagc is integrated into the front-end TIA

to boost the signal up to the supply voltage V. The gain of the CS stage is given by:

Ay =—gm, (ro, | RD). (4.26)
where g, is the transconductance and To, is the output resistance of the M3. To calculate the
number of gain stages (r) used, the voltage swing constraint of V,;; is applied at the output.
Hence:

Vour = Vga = (I’,,d X ZTIp) X A (4.27)

Next, the MSM photodetector is modeled as having responsivity R, a measure of optical con-
version efficiency to electrical. It is expressed as follows:

I

= (4.28)

1op
Its value lies in the 0.4 —0.9 range. The incident photons are converted into electron-
hole pairs, which generate 1,,;. The ratio of the number of electron-hole pairs generated to the
number of incident photons is expressed as quantum efficiency 1. The R is related to 1 by the
following expression:

R=n hi (4.29)
1%
where ¢ is the electronic charge, hv is the energy of a single photon, /i is the Planck cowm.

v is the frequency of the incident light with wavelength A, and is expressed as v = ¢/, where
c is the speed of light in vacuum. A high quantum efficiency is desirable in order to withstand
high optical losses within the waveguide without increasing the IOP. To model the delay of

MSM photodetectors, the initial step involves calculating the response time, which depends on
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electrode width as outlined in ref. [?]:

2 2
Tresponse = \/ T+ Tre et (4.30)

where T, is the carrier transit time, which represents the time taken for the photo-generated

carriers to drift to the electrical contact, and Tpc,,, is the RC time constant of the detector due

to load resistance R, and the detected capacitance Cger. The delay of the MSM photodetector

Ty =0315% [T+ T . (4.31)

The 3-dB bandwidth of this MSM photodetector also depends upon the response time and is
given by Eq. (4.32) [?]:

can be described as [?]:

ot 035

[ = ———
[r2 1 12
Tir t Tre,,

The 7;, in MSM photodetectors sets a limit on their delay and bandwidth as dictated by equation
(4.31) and (4.32), respectively.

The signal delay, power dissipation, and PDP of all three components i.e., transmitter,

(4.32)

waveguide, and receiver, are obtained for the Ol system by performing transient analysis using
SPICE simulations. Next, the Cu and SWCNT-B interconnect will be modelled, and perfor-

mance parameters will be compared later with the Ol system.

4.5 Summary

This chapter presented the modelling framework for the transmitter and receiver circuits used
in optical interconnect (OI) systems. The discussion began with an overview of the key func-
tional blocks in a typical OI link and the motivation for modelling them at the circuit level. The
modelling of the modulator driver, optical modulator, photodetector, and the front-end TIA was
described in detail, with emphasis on capturing the electrical and electro-optic interactions that
determine overall link behaviour. Particular attention was given to device capacitances, para-
sitic elements, and nonlinearities that influence modulation efficiency, bandwidth, and signal
integrity.

Analytical expressions and compact models were developed to represent the behaviour of
each component under realistic operating conditions. The transmitter model incorporated the
modulator’s voltage-dependent characteristics and the driver’s ability to provide the required
swing at high data rates. On the receiver side, the photodiode model included responsivity,
junction capacitance, dark current, and thermal noise, while the TIA model accounted for gain,
bandwidth, and noise contributions. These models were subsequently integrated to study end-
to-end link behaviour.

Simulation results obtained from the proposed models were presented to evaluate delay,
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energy per bit, output eye quality, voltage swing, and sensitivity of the OI link. The results
highlighted the influence of device parameters, load capacitances, and biasing conditions on
link performance and provided insight into important design trade-offs involving speed, power
consumption, and signal quality. Overall, this chapter established the essential modelling foun-
dation required for system-level analysis and set the stage for the temperature-aware and com-
parative evaluation discussed in the next chapter.
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Chapter 5

Thermally Aware Modeling and
Comparative Analysis of OI with CNT
and Cu

5.1 Introduction

The relentless miniaturization in nanoscale VLSI circuits has pushed conventional intercon-
nects to performance bottlenecks, including delay, power dissipation, and thermal challenges.
This chapter investigates the temperature-dependent performance of Ols at 22nm and 14 nm
nodes, employing a novel AVCF-RGC TIA, designed in Chapter 3. A detailed circuit-level
model is developed, accounting for temperature effects on carrier mobility, waveguide propa-
gation loss, photodetector responsivity, and receiver transconductance. A comparative analysis
of OI with CNT and Cu interconnect is also performed, taking into account the performance
metrics. For this, the modeling of Cu and SWCNT-B is also performed at both technology

es. Thermal effects are also incorporated in the modelling and later compared with OI
in terms of delay, power dissipation, and power delay product (PDP). In deep submicrome-
ter regimes, Cu interconnects suffer from parasitic capacitance and resistivity increases due to
electron scattering and electromigration, leading to substantial power dissipation and signal de-
lay bottlenecks [?,?,72,?2,2,?]. Temperature fluctuations exacerbate these issues by degrading
carrier mobility and shifting threshold voltages, further slowing down propagation and lim-
iting bandwidth [?]. This thermal sensitivity underscores the need for interconnect solutions
that can maintain high-speed operation even at elevated temperatures [?, ?]. Optical intercon-
nects (OIs) offer compelling advantages of high bandwidth, minimal crosstalk, and immunity
to electromagnetic interference 2, ?].
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5.2 Temperature-Dependent Modeling of Optical Intercon-
nects (OI)

Temperature fluctuations can degrade or enhance the performance of Ols by altering several
critical parameters. Although data modulation in this system is performed by a multiple quan-
tum well (MQW) modulator, the modulated optical signal still depends directly on the laser
source’s output power. The laser provides the continuous-wave (CW) optical carrier, which
the MQW modulator modulates according to the data signal. The complete circuit configu-
rations used for the photodiode front-end receiver and the optical modulator driver are pre-
sented in Figure 3.3 and Figure 4.3, respectively. These figures illustrate the AVCF-RGC
transimpedance amplifier topology and the tapered buffer chain that collectively enable high-
speed, low-distortion optical signal processing.

5.3 Temperature Effect

Temperature has a significant impact on the laser’s slope efficiency (1)), output optical power
(Plaser), and threshold current (fy), all of which directly influence the received optical power at

the photodetector. The temperature-dependent laser output power is given by
ﬁawr(T) = ns(T) Ubia.\ 7Ilh(T)) s (5.1)

where 1),(7) is the temperature-dependent slope efficiency and Iy, (7T) is the threshold current.

The slope efficiency typically decays exponentially with temperature:
() = ny(Tg) e 710, (5.2)

where ¥ is the thermal degradation coefficient and 7j is the reference temperature. The thresh-
old current increases approximately linearly with temperature:

In(T) = In(To) + il (T —Tp)

T : (53)

with ‘;"7'{‘ =z 1-2 mA/K for typical semiconductor lasers [?].

In multi-quantum-well (MQW) modulators, temperature variations shift the resonant wave-
length through the thermo-optic effect:

Adres(T) = Ao o0 (T — Th), (5.4)

where oo is the thermo-optic coefficient (typically ~ 1.86 x 10 4/K for silicon [?]) and Ao is
the nominal resonance wavelength. The effective refractive index also changes with tempera-
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ture:
negr(T) = nee(To) + aro(T — o). (5.5)

Waveguide propagation loss increases approximately linearly with temperature:
awg(T)= aw-g(TO)+.B(T_?I’)): (3.6)

where 8 = 0.005-0.01 dB/mm/K [?]. These variations increase insertion loss and reduce mod-
ulation efficiency.
Photodiode responsivity decreases with temperature due to reduced quantum efficiency and
increased dark current:
Rep(T) = Rpp(To) [1 — Sen(T — To)], (5.7)

where Jpp is the temperature coefficient of responsivity.

In the receiver circuit, temperature variations influence the transconductance (g,,), parasitic
capacitances, and output resistance of the AVCF-RGC TIA. The DC gain may be approximated
as

ZTIA(T) o< Rm,,(T) (l + gm‘,RUq) R,,’,,(T): (5.8)

where gy, (T') decreases with temperature while R,,(7') and parasitic capacitances increase.

As a result, the bandwidth reduces as

gm(T)

Saae(T) o e i CalT))

(5.9

5.3.1 Impact on Optical Link Performance

The cumulative effect of the above temperature-dependent variations degrades the received

optical power, expressed as:

P(T) = Paser(T) Lmoa(T) €~ “+ T - 1cqupic, (5.10)
where Ly,oq(T) represents the temperature-dependent modulator insertion loss, L is the waveg-
uide length, and 7coyple is the coupling efficiency. A reduction in P, (7') yields a lower pho-
tocurrent at the photodetector, reducing link margin and degrading BER performance. Con-
sequently, incorporating temperature-dependent models for the laser, modulator, waveguide,
photodiode, and TIA is essential for accurate prediction of Ol link metrics such as delay, power,
and PDP in thermally constrained VLSI systems.

The subsequent section introduces the analytical modeling of Cu and SWCNT-B intercon-
nects, after which the framework is expanded to account for temperature-dependent electrical,
thermal, and reliability characteristics. A comprehensive comparison is later performed, first

as a function of interconnect length at room temperature, and subsequently as a function of
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temperature across the device's operational range.

54 Modeling of Cu and SWCNT-B interconnect

54.1 Modeling parameters of Cu Interconnect
A Cu interconnect is represented “ a conductor with a rectangular cross-section, as shown

in Figure. 5.1, having equivalent impedance parameters such as resistance, inductance, and
capacitance (RLC). The variables /, w, t, and s represent length, width, thickness, and inter-
wire distance, respectively, for a Cu wire adjacent to the ground (GND) plane and other wires.
In the DSM regime, the effective resistivity of Cu increases as the scaled dimensions become
n)mparable to the electron mean free path (MFP), due to which electrons experience collisions
due to surface and grain boundary scattering [?].

To calculate the tcchnolcm-dependcnt resistivity (prorar) of the Cu wire, a Fuchs and Sond-
heimer model is considered for surface scattering [?], and a Mayadas and Shatzkes model for

grain boundary scattering [?]. As a result, the total resistivity is given by:

(l+j(lp)f:)+(;/(;g+a2a3(l+;))], (5.11)
l'() R
”ZE(ﬁ)’

The bulk resistivity of Cu material is assumed to be ~= 1.9uQ - cm. p is the specular scattering

Pmml - P()

with

modeling parameter of an electron at the interface (=~ 0.6 [?]), Iy is the The bulk MFP of

Figure 5.1: The cross-section view of Copper interconnect and its equivalent RLC circuit.
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electrons is taken ~ 40nm, and w is the width of wire dictated by ITRS [?]. is the average
size of grain (assumed d =~ w), and R is the reflectivity coefficient at grain boundary (=~ 0.5
[?]). After calculating resistivity, the above modeling, p;.y is calculated for 22nm and 14nm
technology, from which, after calculating the resistivity, the resistance value of the Cu wire is
calculated by Eq. (5.12):

{
Rey = Protal (ﬁ) . (5.12)

Next, the capacitance of the Cu wire is modeled using the model proposed by Sakurai and
Tamaru in [?]. The ground capacitance of a single line in the vicinity of two neighbouring wires

is given by: -
Ce=s-l[l.15£+2.80(£) ] (5.13)
y 3 y

and the total coupling capacitance between them is given by:

w ; £ 0222 y\ L34
Coe=¢-1 0.03—+0.83--0.07( - 3 . (5.14)
y ¥ ¥ I

The total capacitance (Cg,) of the Cu wire is calculated as:
W £\ 0222 w p £ 0222 o\ 134
Cc.l,=e-f[(l.15—+2.80(—) )+ (0.06—+l.66(—) —0.14(—) )(1) }
¥ y y y y 5
(5.15)

where # is the thickness of the wire dictated by the aspect ratio (AR) of the wire in the particular
technology given by ITRS [?], v is the inter-metal layer spacing (= 4t), and s = w. The first
component in Eq. (5.15) is due to the ground capacita.nﬂ of a single line in the vicinity of two
neighboring wires, and the second component is due to the coupling capacitance.

The inductance of the Cu wire 18 modeled as [?]:

o 21 1 w+t
Ley="1|Inl — | +=-+0.33 . 5.16
=5 [n(”_+r)+2+ ( ] ):| (5.16)

where 1y is the free space permeability (47 x 10~ "H /m), and [ is the length of the wire.

54.2 Modeling parameters of SWCNT Bundle Interconnect

This section will develop the electrical circuit model of SWCNT-B to compare it with OI and
Cu interconnects. The RLC of the SWCNT-B interconnect is extracted. When densely packed
isolated SWCNTSs are placed in parallel, a SWCNT-B structure is formed as shown in Figure.
5.2 . Here, it is assumed that all the SWCNTs are metallic and the spacing x between the centre

of two SWCNT tubes is x = d,, as this gives the best VLSI interconnect performance [?]. The
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Figure 5.2: The cross-section view of SWCNT-B interconnect.
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Driver

Figure 5.3: The equivalent electrical circuit of SWCNT-B interconnect.
equivalent electrical circuit of SWCNT-B interconnect is shown in Figure. 5.3.

The metal-CNT imperfect contact resistance (Riomace) 15 also assumed, having a value
around a few kQs per tube. Consequently, the total resistance of an SWCNT-B interconnect is
expressed as [?]:

, h (1
Ride ~ g (1) /v 617
5] 2 Ogw
where 1y, is the number of metallic SWCNT tubes in a bundle and is expressed by a number

of rows (n,,) and columns (1n.,) in a bundle as:

n, s .
Ryplep — 5 if n,,1s even,
Now = (5.18)

Myollee — ”m-, L if 1,018 odd.

where nq, = (w— dyy) /x, and n,, = ((hp, 7d_m)/§x) + 1. The variable &y, is the thickness
of the CNT bundle (dictated by AR) as dcpict%n Figure. 5.2. At small bias voltages, and
dgy = 1nm, ly,, assumes a value of 2.8 pm/nm and 0.9 pm/nm for ideal and practical models
respectively [?].

For the SWCNT-B, the total capacitance is the series combination of the CE@/¢ and Cg”"d""

expressed as [?]:
Bundle Bundl e
Cr -CQ

undle __
C-“?WCNT - Cflmdle+cgmid{e' (5.19)
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where CB#le 4nq Cg“"“"“' are the expressions for electrostatic capacitance and quantum ca-
pacitance of an SWCNT-B interconnect, respectively, and the expressions for the same can be
found in [?,?].
The total inductance of the SWCNT-B is given by [?]:
kin

, L)
Lhipdler = 2 4 poe (520

sw

5.5 Temperature dependent modeling of Copper and CNT

interconnects

A generalized accurate model of the Cu and SWCNT-B interconnect placed on the SiC substrate
is crucial for predicting temperature-dependent performance parameters and later comparing
with OI. In addition to bias and geometrical effects, thermal effects such as acoustic and optical
phonon effects are also considered in the modeling to validate the measurement results [?,
?]. The different types of scattering phenomena at elevated temperatures are considered to
determine the effective MFP of the conducting electrons. For the best performance of the VLSI
interconnect, all the CNTs considered are metallic [?]. Therefore, electron-phonon scattering is
considered to include optical, acoustic, and zone-boundary scattering [?]. Acoustic scattering,
which is directly dependent upon temperature and diameter, is given by:

Aaco = %jﬁm)g (5.21)
where Agc0(300) is 1600 nm for dy = 1.8nm at 300k ?]. An electron can undergo scattering
as a result of electric field acceleration as well as the absorption of an optical or zone boundary
phonon. Therefore, the MFP due to acceleration is given by:

hQ— kT d N,y (300) + 1

Aop—zb. fietd(T) = eviL + [lc;p.:b(300)jnm:|: (5.22)

and due to absorption is given by:

d

Nyp_p(300) + 1

}'()p :b.ab.r(T) = A-op :b(300)£ [%} (5.23)
op .2l

92

where A, 2 (300) =2 15nm [?], ky, is the boltzman’s constant, A,,,_(300) = 1/[exp (hQ [k, T ) —
1] is the optical or zone-boundary phonon state density. Therefore, the effective MFP due to
the emission field and absorption is given by:

1 1 1

= + (5.24)

AT Aopapgiena(T) - Aopchans(T)
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Also, in graphene materials, the surface roughness (A, ) effect is prominent, which modifies

the length of the inter-carbon bond and hopping parameters [?], and is given by:

C
Ay = 5—3(11)11) (5.25)

where C = 2.07 x 10? is the fitting parameter and &, is the substrate roughness amplitude,
which is assumed to be 10 pm for SiC substrate [?]. Thus, the temperature-dependent effective

MEP of the rough interconnect is given by:

1 1 1 1y
Aepp(T)=| —+ + -+ —) . 5.26
¢ ff( ) ( lac‘o 2«)]) zb, field (T) lap zhabs (T) l.w' ( )

This A, ¢¢(T) affects the resistance of the SWCNT-B interconnect, which includes contact

. s , h : ; hLsw
resistance (R¢), Intrinsic quantum resistance (P)’ and scattering resistance (EM; [T‘;)' For
Cu interconnect, temperature-dependent resistivity affects the resistance of the Cu wire by the
following expression:

p(T) :pre'c'i!(l+a(T7Tﬂ)J- (5.27)

where p,..;, is technology dependent resistivity, a is the temperature coefficient of resistivity for
Cu, Tj is the room temperaturgs Thus, the temperature variations affect the RLC parameters,

thereby affecting the ampacity in terms of delay, power, and PDP of the interconnects.

5.6 Comparative Analysis of OI, Cu, and SWCNT-B inter-

connect

For comparison of optical, Cu, and SWCNT-B interconnect at 22nm and 14nm technology
nodes, the Tanner EDA tool is utilized, taking into account the PTM model files (level 54). A
transient analysis evaluates the performance metrics i.e., delay, power, and PDP for the three
technologies using SPICE analysis. This analysis involves subjecting the circuits to a step input
pulse terminated by a load, usually a capacitive load. The propagation delay is calculated by
the average value of 50 % rise and fall times in the SPICE measure.

For the OI system, all simulation and analytical parameters are summarized in Table 5.3.
The RLC parameters of the Cu and SWCNT-B interconnects are derived using the global inter-
connect definitions listed in Table 5.3. To effectively mitigate the large distributed RLC loading
inherent in long global interconnects, CMOS inverter-based repeaters are utilized, exploiting
the repeater-insertion technique to minimize delay and optimize overall link performance. In-
troducing nep repeater stages partitions the interconnect into ngep segments, thereby reducing
the effective RLC loading per segment by the same factor, as depicted in Figure 5.4. The
network is terminated with a load capacitance, and the CMOS driver transistors are sized with
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Table 5.1: Optical interconnect parameters.

Parameter Value

B (tapering factor) 3.6
Cuod (fF) 50
Cier ((F) 50

Neir (Waveguide) 148
Toa (UA) 100

Rp, (kQ) 970
Rp, (kQ) 1.1
Rs (k) 1

Table 5.2: Electrical interconnect parameters.

Technology (nm) 22 14
‘Width, w (nm) 28 16
Aspect ratio (AR) 234 2.34
Height, ¢ (nm) 65.5 37.5
Hyep (no. of repeaters) 15 12
€, (dielectric constant) 2.5 2.3
Yypp thickness, y, 57 36

RLC elements distributed
alang the length

CMOS Inv Load

CMOS Inv

Figure 5.4: The simulation setup for Cu and SWCNT-B interconnect.

(W /L), =~ 100, ensuring sufficient drive strength for global interconnects.

Figure. 5.5a shows the total delay of the Ol incorporating a novel AVCF RGC TIA at
global interconnect lengths.

At global interconnect lengths (> 1000um), the delay introduced by the waveguide is sig-
nificantly less than the transmitter and receiver delay, as depicted in Figure. 4.1a. This is due
to the fact that most of the delay is introduced in end devices rather than in waveguides. For
instance, at a global length of 2000 pm, the value of ¢, is only 23&;35 (Figure. 5.5a).

The receiver delay is due to the dominant pole assumption at the input of the AVCF RGC
TIA due to the presence of a large Cy,, ~= 50fF.

The transmitter delay arises because the CMOS tapered buffer drives the modulator load
(Cnoq = S0fF). It is investigated from the Figure. 5.5a and 5.5b that as the technology node
advances, the total optical system delay and power are decreased due to the enhanced perfor-
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Table 5.3: Simulation parameters for Electrical Interconnects [?].

Technology (nm) 22 14
Width, w (nm) 28 16
Aspect ratio (AR) 234 234
Height, ¢ (nm) 655 37.5
Tyep (0. of repeaters) 15 12
W (driving size) 100 100
& (dielectric constant) 2.5 2.3
Yyp thickness, v, 57 36
450 Optical System Delay at 22nm and 14nm technalogy 0 ‘Optical Power at 22nm and 1anm technology
- ——— :
" Total Opical Delay .
o a i =
e i N =
7 v 2
T 150 Transmier Detay %50
° g
I s
3 Recsives Dela
0 o =2333p8 0
Waveguide Detay o
1500 1000 )
‘of Inferconnect (m) Lengih of Inferconnect (;:m}
(a) Delay (b) Power dissipation

Figure 5.5: Delay and Power dissipation of Ol for ditferent lengths at 22nm and 14nm technol-
ogy.

Delay Analysis at 22nm technology Delay Analysis at 14nm technology
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(a) Delay analysis at 22nm technology. (b) Delay analysis at 14nm technology.

Figure 5.6: Delay comparison of Optical, Cu, and SWCNT-B interconnect for different lengths.

mance of the transmitter and receiver electrical circuits.

Figure. 5.6b and 5.6a demopgtrate the delay introduced by optical, Cu, and SWCNT-B
interconnect for global lengths at 22nm and 14nm technology. It is evident from the figure that
the OI delay is minimal at global lengths. This is because the optical transmitter and receiver
circuits are located at opposite ends of the waveguide, in contrast to Cu and SWCNT-B, which
are spread out along its whole length. The results in Figure. 5.5 illustrate that the delay of Cu
and SWCNT-B interconnect increases rapidly with length attributed to the rising RLC charac-
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Power Analysis at 22nm technology - Power Analysis at 14nm technology

R
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Length of Interconnect (:m) Length of Interconnect (jxm)

(a) Power analysis at 22nm technology. (b) Power analysis at 14nm technology.

Figure 5.7: Power comparison of Optical, Cu, and SWCNT-B interconnect for different lengths.

teristics of these materials as technology progresses from 22nm to 14nm. However, the delay
for the Ol is diminished because the MOSFET-based circuits exhibit enhanced performance.
For instance, at a global length of 1000m, OI shows an improvement of 88.47 % and 62.15 %
over Cu and SWCNT-B interconnect delay, respectively. Similarly, for 14nm technology, the
delay improvement increases to 93.68 % and 84.29 %, respectively.

The power in OI is minimized by optimizing the number of stages in the transmitter and
receiver circuits. The total power dissipation for all three technologies is plotted for 22nm and
14nm. Figure. 5.7 illustrates that the SWCNT-B dissipates more power than Cu and optical
for all globﬁ:‘ngths. This is because the capacitance of SWCNT-B is greater than that of Cu,
resulting in the dominant energy component, the switching energy (CV?), reaching a maximum
for SWCNT-B interconpgets. Ol is more power efficient than Cu at global lengths greater than
the critical length since the nature of power dissipation is static rather than dynamic. For 22nm
and 14nm technology, the critical length is calculated as ~1600um and ~=1300 pm, respec-
tively, as shown in Figure. 5.7a and Figure. 5.7b. Additionally, Ol exhibits higher resistance
to interference and crosstalk, thereby diminishing the need for supplementary circuitry that
would have consumed more power.

For a fair comparison, a figure of merit known as the PDP is defined, taking into account
the effects of delay and power dissipation for all three technologies. It is evident from Figure.
5.8 that the PDP of Ol (Cppa=Cyec= S0fF) lies in the range of 21-23 fJs at all lengths, which
is the lowest among SWCNT-B and Cu for 22am technology. The same trend is followed for
14nm technology, where the PDP of Ol lies in the 10-13 fJs range. These findings highlight the
potential advantages of using OI as an interconnect technology for future VLSI IC applications
at global interconnect lengths.

Figure. 5.9a shows the delay, power, and PDP of the OI that incorporates a novel AVCF-
based RGC TIA at various temperatures ranging from 200K to 500K with a step of S0K. It is
investigated from the Figure. 5.9a and 5.9b show that with increasing temperature, the total

delay of the optical system increases. At the same time, the power dissipation decreases, but the
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PDP at 22nm technology PDP at 14nm technology
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(a) PDP at 22nm technology. (b) PDP at 14nm technology.

Figure 5.8: PDP comparison of Optical, Cu, and SWCNT-B interconnect for different lengths.
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Figure 5.9: Delay and Power dissipation of OI for different temperatures.

Delay Analysis at 22nm for L=1000 m Delay Analysis at 14nm for L=1000 ym
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Figure 5.10: Delay of Cu, SWCNT-B, and Ol for different temperatures.
effect of delay is dominant, as depicted by PDP analysis in Figare. 5.9b for both technology

nodes. The PDP increases with temperature, and the rise is steeper for 22nm, indicating that

higher temperatures cause a more significant deterioration in performance.
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Power Analysis at 220m for L= 1000 um Power Analysis at 14nm for L = 1000 um
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Figure 5.11: Power dissipation of Cu, SWCNT-B, and OI for different temperatures.
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Figure 5.12: PDP of Cu, SWCNT-B, and Ol for different temperatures.

Figure. 5.10 depicts the delay analysis for Cu, SWCNT-B and OI at different temperatures
for global length, i.e. 1000 wm. OI shows superior performance in terms of delay, especially
at higher temperatures, compared to traditional Cu and SWCNT—BQIerconnccts for both tech-
nology nodes. This is because the RLC of the Cu and SWCNT-B interconnects increases with
temperature, leading to greater delays. In contrast, the delay in the Ol is primarily determined
by the end devices, making it less sensitive to temperature changes.

Figure. 5.11 shows that Ols consume significantly less power than Cu and SWCNT-B, with
power dissipation further decreasing as temperature rises across both technology nodes. This
highlights their strong suitability for energy-efficient, low-power designs. The delay and power
improvements of OI compared to Cu and SWCNT-B are also reflected in Table. 5.4.

Figure. 5.12 shows that the OI has significantly lower PDP values compared to the Cu and
SWCNT-B interconnects, especially at higher temperatures.

The OI results are validated by comparing them with existing published data, as shown
in Table 5.5. The table details the structure/material used for the transmitter, waveguide, and

receiver, and compares the delay and power consumption between the existing design and the

82




Table 5.4: Delay and power improvement of optical interconnects (Ol) compared to Cu and
SWCNT bundle interconnects at different temperatures.

Temp. (K) Delay Improvement (%) Power Improvement (%)
vs Cu vs SWCNT-B vs Cu vs SWCNT-B
5
22mm l4nm 22nm 14nm 22nm  14nm 22nm 14 nm
200 91.7 95.2 84.2 91.3 21.0 30.0 525 63.0
250 90.6 95.2 833 01.4 33.0 470 60.0 72.0
300 88.4 943 79.6 89.7 40.0 55.0 64.0 76.5
350 85.6 93.5 76.0 88.2 44.0 60.0 67.2 78.9
400 83.5 92.7 74.2 87.9 47.0 63.0 68.8 80.3
450 81.2 91.9 73.2 88.0 50.0 65.0 70.5 81.5
500 79.8 91.8 73.0 88.7 53.0 67.0 72.5 82.4

Table 5.5: Comparison of the proposed design of Ol with existing designs in the literature.

Parameters ™M k4l 4] k4l M This work
Transmitter | Superbuffer Tapered Buffer Chain - Buffer Chain Tapered
Driver Inverters Buffer
Waveguide | Polymer & Free Space | Si— Si0: core - - Polymer
silicon-on- 0Ol cladding ‘Waveguide
insulator
(SO
Receiver Common CMOS CMOS Push pull CMOS AVCF RGC
TIA source with | Inverter with | inverter with amplifier inverter with based TIA
current Re Rp Re
source load
and Rp
Technology 100 22 22 100 50 22 & 14
(nm)
Delay (ps) - 114.9 80 250 325 & 270
Power - 11.5 12.2 35 0.065 & 0.04
(mW)

proposed design for the OI. This indicates that Ols remain the most temperature-resistant and

energy-efficient, further highlighting their suitability for future technology nodes.

Summary

This chapter focused on the temperature-aware modelling and comparative evaluation of three
major interconnect technologies: copper (Cu) interconnects, single wall carbon nanotube bun-
dles (SWCNT-B), and optical interconnects (OI). The chapter began by discussing how temper-
ature variations affect the electrical, optical, and material properties of these technologies, and
highlighted the need for incorporating temperature dependence into nanoscale performance

models. Key temperature-sensitive parameters, such as resistivity in Cu, carrier mobility in
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CNTs, refractive index and absorption in optical components, and thermal noise contributions,
were included to ensure accurate and realistic modelling.

For Cu interconnects, the influence of increased resistivity at elevated temperatures on de-
lay, energy consumption, and signal integrity was analysed. In the case of CNT bundles,
temperature-dependent modifications in mean free path, quasi-ballistic transport, and equiv-
alent RC parameters were modelled. For optical interconnects, the effects of temperature on
modulator efficiency, wavelength shift, insertion loss, photodiode responsivity, and TIA perfor-
mance were considered. These temperature-aware models were used to evaluate interconnect
delay, energy per bit, power dissipation, and signal quality across a broad operational tempera-
ture range.

A comparative analysis of Cu, CNT, and OI technologies was then presented using the
developed models. The results showed that copper interconnects exhibit substantial degradation
in both delay and energy efficiency with rising temperature. CNT bundles demonstrated better
thermal resilience but still suffered from notable performance variations at higher temperatures.
Optical interconnects, by contrast, maintained stable delay and energy characteristics due to
their reduced sensitivity to electrical RC effects. Eye diagrams, sensitivity plots, and analytical
performance curves consistently indicated the thermal robustness of optical links.

Overall, this chapter demonstrated the significance of temperature-aware modelling and
established that optical interconnects offer the most stable and energy-efficient operation among
the evaluated technologies. These insights support the adoption of Ol architectures for high-

speed and thermally constrained future computing systems.




Chapter 6

Conclusion and Future Scope

6.1 Conclusion

This thesis has delivered an integrated investigation of circuit design, interconnect modeling,
and thermally aware performance analysis aimed at enabling next-generation optical intercon-
nects (Ols) for high-speed global communication in advanced VLSI systems. The work is
organised around three core technical contributions: the realisation of a high-performance tran-
simpedance amplifier (TIA), the formulation of a complete OI link model and its benchmarking
against state-of-the-art electrical alternatives, and an extensive temperature-dependent evalua-
tion at deeply scaled CMOS nodes. Collectively, these contributions outline a coherent design
methodology for achieving energy-efficient, scalable, and thermally resilient optical communi-
cation infrastructures for future integrated circuits.

The first segment of the research concentrated on the design of a novel active voltage gyg-
rent feedback regulated gain cascode based transimpedance amplifier (AVCF RGC TIA) in a
0.18 um CMOS process. By employing AVCE, the architecture simultaneously reduces input
impedance, improves gain linearity, and extew bandwidth without relying on bulky inductive
components. The implemented TIA achieved a transimpedance gain of 62 dBQ, a bandwidth of
8.2 GHz, and an input-referred noise spectral density of a pA/v/Hz while operating at a power
level of only 14.5mW. These results demonstrate that the propos eiver front-end satis-
fies the key requirements of compactness, low power consumption, and high-speed operation,
making it highly suitable for on-chip and chip-to-chip photonic communication systems. The
design outcomes confirm the AVCF RGC TIA topology as a promising circuit-level solution
for CMOS-compatible photonic receivers.

The second major contribution of the thesis expanded the scope from device-level design
to system-level Ol modeling. Analytical and SPICE models were developed for all major
optical components, including the laser transmitter, polymer waveguide, photodetector, and the
newly proposed AVCF RGC TIA based receiver. These models were then used to compare the

performance of optical links with that of copper (Cu) and single-wall carbon nanotube bundle
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(SWCNT-B) interconnects over global interconnect lengths ranginﬁom 500 pm to 2000 pm.

The evaluation revealed that Ols offer substantial improvements in delay, power consumption,
and power delay producﬁ’DP), especially at longer distances. A critical length was identified,
approximately 1600 pm at the 22 nm node and 1300 pm at the 14 nm node, beyond which Ols
become significantly more advantageous than electrical interconnects. This behavior validates
the growing importance of photonic links as electrical interconnects approach their scaling
limits due to resistive losses, RC delay, and signal integrity constraints.

In the third portion of the research, temperature effects were introduced to create a re-
alistic evaluation framework for future VLSI systems. Temperature-dependent models were
constructed for photonic devices, waveguide loss mechanisms, photodetector responsivity, and

AVCF-RGC TIA. These models were evaluated across a wide thermal range of 200-500 K
at 22 nm and 14 nm technology nodes. The results show that Cu and SWCNT-B interconnects
experience considerable performance degradation at elevated temperatures due to increased
resistivity and enhanced phonon scattering, whereas Ols maintain significantly better perfor-
mance. Quantitatively, Ols demonstrate improvements of up to 90% in delay and nearly 80%
in power consumption compared to electrical alternatives at high temperatures. The temper-
ature study also identified the receiver TIA as the principal thermal bottleneck, primarily due
to temperature-induced reductions in transconductance and increases in parasitic capacitances.
This insight emphasizes the necessity of thermally optimized receiver circuits in practical pho-
tonic integrated circuit (PIC) platforms.

These three interconnected studies lead to several broader conclusions. First, Ols inherently
provide superior scalability in bandwidth, latency, and energy efficiency as technology nodes
continue to shrink and global communication distances increase. Second, the integration of
advanced TIAs such as the AVCF RGC architecture is essential for harnessing the advantages
of photonic signal propagation and converting them into tangible system-level improvements.
Third, although Ols are naturally more immune to thermal effects than electrical interconnects,
the thermal behavior of the transmitter and receiver circuits remains a critical factor that must
be addressed to guarantee reliable operation under realistic on-chip temperature gradients.

In closing, this thesis establishes a comprehensive framework—encompassing circuit de-
sign, interconnect modeling, and thermal analysis—for the evaluation and optimization of op-
tical interconnects in deeply scaled VLSI technologies. The collective findings strongly ad-
vocate for the adoption of CMOS-compatible photonic signaling to overcome the inherent de-
lay, energy, and reliability challenges of traditional electrical interconnects. Furthermore, the
presented work lays the foundation for future research in thermally adaptive receiver archi-
tectures, wavelength-division-multiplexed (WDM) photonic NoCs, and full electro-photonic
co-design strategies. These advancements hold the potential to shape the next generation of
high-performance computing systems built upon robust and energy-efficient optical communi-

cation fabrics.
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6.2 Future Scope

While this thesis has established a comprehensive foundation for the design, modeling, and
thermal evaluation of Ols, several research directions remain open for exploration to further
advance the practical deployment of photonic communication systems in next-generation VLSI
technologies.

A natural extension of this work is to incorporate process-induced variations and statistical
uncertainty into the interconnect models. Variations in waveguide dimensions, photodetec-
tor responsivity, and transistor parameters can significantly influence link performance, par-
ticularly as feature sizes continue to scale. Integrating Monte Carlo simulations and spatial
temperature-gradient modeling would enable a more rigorous assessment of reliability under
combined process and thermal fluctuations. Such analyses are essential for developing robust
design guidelines for large-scale photonic systems.

Future work may also explore multi-wavelength and dense wavelength-division multiplex-
ing (WDM) architectures. While this thesis has focused on single-wavelength links, practi-
cal photonic networks-on-chip (NoCs) increasingly rely on multi-channel communication to
achieve higher throughput. Studying resonance drift, thermal crosstalk among closely spaced
microring modulators, and wavelength-dependent dispersion effects could provide deeper in-
sights into the scalability and stability of WDM-based optical fabrics under real operating con-
ditions.

Thermal management remains a critical area of importance. Although Ols exhibit in-
herent resilience to temperature variations compared to electrical interconnects, the receiver
TIA, modulator biasing circuits, and laser drivers remain sensitive to thermal fluctuations. In-
corporating active and passive thermal-control techniques—such as integrated micro-heaters,
thermoelectric coolers, adaptive bias circuits, and temperature-compensated front-end archi-
tectures—may substantially improve link robustness. Co-optimizing these mechanisms with
the AVCF-RGC TIA topology could yield thermally adaptive receivers capable of sustaining
high-speed operation across wide temperature ranges.

Another promising avenue is the co-design of complete electro-photonic systems. Joint
optimization of modulator drivers, laser bias networks, TIA architectures, and digital backend
circuits (e.g., CDR and equalization) would enable tighter control over energy-per-bit and help
address signal integrity challenges at high data rates. Such a holistic approach is increasingly
important as photonics becomes more deeply integrated with advanced CMOS nodes.

The emerging domains of chiplet-based architectures and 3D integrated circuits open addi-
tional opportunities for optical interconnect research. Optical through-silicon vias (O-TSVs),
interposer-level photonic routing, and vertical thermal gradients introduce new modeling and
reliability challenges. Extending the thermal and interconnect framework developed in this
thesis to these platforms can provide valuable insights into heterogeneous integration strategies

that combine electronics, photonics, and packaging technologies.
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Experimental validation represents another crucial future milestone. Fabricating a silicon
photonic testchip that incorporates microring modulators, waveguides, germanium photodetec-
tors, and the AVCF-RGC TIA would allow direct measurement of the temperature-dependent
behaviors predicted by the models. Such measurements would strengthen confidence in the
simulation framework and guide further refinement of device and circuit models.

Finally, the use of machine learning and data-driven modeling techniques has significant
potential to accelerate design exploration. Neural-network-based surrogate models, physics-
informed learning frameworks, and reinforcement learning for adaptive biasing could markedly
improve accuracy, reduce simulation time, and enable real-time optimization of photonic link
parameters under dynamic thermal conditions.

In summary, expanding the scope of this work toward variability modeling, WDM archi-
tectures, advanced thermal management, electro-photonic co-design, heterogeneous system in-
tegration, experimental validation, and Al-assisted compact modeling will further enhance the
applicability and reliability of optical interconnects in future high-performance computing sys-

tems.
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