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Abstract

Design and Demonstration of Optical Logic Gates with Electronic Interface for Optical
Switching Applications

Ataollah Mahsafar

The scalability of high-capacity networks increasingly depends on advances in switching tech-
nology. Optical switching, particularly using microring-based logic, offers a path to higher band-
width and lower signal degradation while enabling compact, cascadable architectures.

This thesis presents a microring modulator (MRM)-based 2x2 optical switch built from cascad-
able optical logic gates (OLGs) with electronic control circuits. An OLG is a fundamental building
block of optical computing systems, performing logic operations by manipulating optical signals
rather than electrical ones, thereby leveraging the inherently higher speed and lower propagation
loss of light. The OLG’s functionality is validated through experimental measurements of power
transfer characteristics (PTC), optical noise margins (ONMs), and fan-out performance. The 2x2
switch, implemented with seven interconnected OLGs, demonstrates the scalability of this approach
for more complex optical logic networks.

To enable higher-speed operation, a CMOS implementation of the electronic control circuit,
for driving and processing optical-logic signals, was designed and fabricated in TSMC’s 65 nm
technology, occupying an active area of 1 mm X 1.25 mm. The design incorporates a peak/low
detector-based offset compensation technique that ensures stable performance under unbalanced
input data patterns. Post-layout simulations verify correct logic functionality, showing a simulated
propagation delay of approximately 107 ps. Despite this delay, the standalone gate can process
narrow pulses, corresponding to a data throughput of up to 8 Gbps.

The combined demonstration of discrete and integrated implementations highlights the potential
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of microring-based optical switching as a scalable solution for future high-performance networking

and computing systems.
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Chapter 1

Introduction

1.1 Motivation

The growing demand for faster and more scalable computing and communication systems has
fueled the exploration of novel logic architectures beyond conventional electronics. In traditional
CMOS technology, although transistor delays continue to shrink, interconnect delays have become
a dominant performance bottleneck [1, 2]. As a result, research has increasingly turned toward
complementary approaches such as optical logic gates (OLGs) and optical switches, which leverage
the natural advantages of light, including high speed, parallelism, low loss interconnects, and low
crosstalk, and can be integrated with electronics through CMOS-compatible platforms [3, 4, 5, 6, 7,
8]. By employing optical interconnects, different stages of a system can be physically distributed
across a larger area, reducing local power density and thermal hotspots. Additionally, distributing
the electronic circuitry in such hybrid systems mitigates global electromagnetic interference (EMI)
issues that often arise in dense electronic circuits. This level of physical separation and signal
integrity management is difficult to achieve with conventional electrical interconnects, which suffer
from higher losses and tighter integration constraints.

To realize these advantages at the logic level, various platforms have been explored for optical
gates, including nonlinear effects [9], interferometers [10], SOAs [11], and photonic crystals [8, 12].
Among these, silicon photonics has emerged as a leading platform due to its compatibility with

standard CMOS processes [7, 13], enabling close integration with electronics. This hybrid approach



allows scalable, cost-effective systems that combine the strengths of both photonics and electronics
[14].

Microring modulators (MRMs) are particularly attractive for building optical logic gates. They
have a small footprint, low power dissipation, and can operate at very high speeds [15], [16], [17].
Recent advances have demonstrated MRMs achieving over 200 Gbps data rates [15], making them
strong candidates for future optical computing and optical interconnects.

Although many optical logic gates have been demonstrated individually, cascading them into
larger systems remains a significant challenge. Insertion loss (IL) accumulates across stages, and
without local signal regeneration using a fresh optical supply, signal quality rapidly degrades. This
issue also affects existing switching architectures, such as Mach-Zehnder interferometer (MZI)
switches [18], which route the same optical signal through multiple stages without regeneration,
limiting scalability. Overcoming this bottleneck requires architectures with local optical signal re-
generation at each stage.

Fig. 1.1 illustrates the core concept of our approach, showing (a) a modular, cascadable 2x2
optical multiplexer (switch), (b) its implementation using seven optical NAND gates, and (c) a con-
ceptual schematic of an optical NAND gate constructed with MRMs and electronic control circuits.
Each gate incorporates local signal regeneration, ensuring that every stage produces a fresh optical
signal. Thus, while the output logically depends on the input, its power and signal integrity are
independent of the input optical power, effectively avoiding cumulative IL. Thanks to fully optical
interconnections between stages, larger switching networks built from these gates can operate at the

speed of a single gate without performance degradation.
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Figure 1.1: (a) Conceptual schematic of a cascadable 2x2 optical multiplexer (switch). (b) Imple-
mentation using seven optical NAND gates with local regeneration. (c) Conceptual schematic of an

optical NAND gate.

1.2 Contributions and publications

In this work, we present the design, fabrication, and experimental demonstration of a multi-
stage optical logic system based on cascadable MRMs, integrated with a dedicated electronic logic
control circuit that processes photodetector (PD) outputs and generates drive voltages to modulate
the MRMs according to the desired logic function, thereby enabling scalable optical operations.
The system comprises seven interconnected gates forming a 2x2 optical switch, with regenerative
behavior and logic-level performance. We experimentally verify key logic metrics for the optical
system, including optical power transfer characteristics (PTC) and optical noise margins (ONM),
establishing a direct analogy to conventional electronic logic gates. While previous works have ex-
plored high-speed [15], low-voltage [16], and wideband MRMs [17], and others have demonstrated
or simulated optical logic gates using various platforms [19, 12, 20], they often lack cascaded archi-
tectures or logic-level analysis. A recent study demonstrates an MRM-based photonic latch [21],
though the latch itself is not experimentally demonstrated. To our knowledge, this work presents
the largest experimental demonstration of a cascaded MRM-based optical logic system to date.

The successful PCB implementation and testing validated the proposed approach for realizing
optical logic gates using MRMs together with a logic control circuit. These results provide strong

evidence supporting the feasibility of developing an integrated chip for the logic control block,



capable of operating at higher data rates and handling input data streams with unbalanced densities
of 1s and Os. As a result, a CMOS chip implementing the logic control circuit has been designed
and taped out using TSMC’s 65 nm CMOS technology.

A journal paper based on the research presented in this thesis is currently being finalized for

submission as the primary publication arising from this work:

e A.Mahsafar, J. G. Echeverria, D. Musat, D. Rolston, O. Liboiron-Ladouceur, and G. Cowan,
“2x2 Optical Switch Based on Combinational Logic with Microring Modulators,” in prepa-

ration for submission to Journal of Lightwave Technology.

Additional publications (published and in preparation) and patents related to aspects of this

research include:

e D. Musat, J. G. Echeverria, A. Mahsafar, D. Rolston, O. Liboiron-Ladouceur, and G. Cowan,
“Calibration-free Stabilization Circuit for Silicon Photonics Microring Modulators,” in prepa-

ration for submission to IEEE Transactions on Circuits and Systems I: Regular Papers.

* J. G. Echeverria, D. Musat, A. Mahsafar, K. R. Mojaver, D. Rolston, G. Cowan, and O.
Liboiron-Ladouceur, “Self-Calibrated Microring Weight Function for Neuromorphic Optical
Computing,” Journal of Lightwave Technology, vol. 43, no. 2, pp. 602-610, Jan. 15, 2025,
doi: 10.1109/JLT.2024.3462534.

* Provisional Patent Application, Serial No. 63/550,3609, filed February 6, 2024.

* International PCT Application, Serial No. PCT/CA2025/050148, filed February 5, 2025.

1.3 Thesis organization

Chapter 2 introduces the fundamentals of microring resonators (MRRs) and MRMs, outlines
the MRM device and thermal control method employed in this work, and reviews prior optical logic
gate implementations based on these devices. It concludes with an overview of the key logic control
circuit components relevant to this study. Chapter 3 describes the design of cascadable optical

NOT and NAND gates, the logic control circuitry, and the 2x2 optical switch. It also presents

4



experimental results of individual logic gates and the full switch. Chapter 4 details the design and
tape-out of a CMOS chip featuring an offset compensation technique in the logic control block,
enabling reliable operation under unbalanced input data conditions at high data rates. Chapter 5

concludes the thesis by summarizing the key contributions and suggesting future research directions.



Chapter 2

Literature Review

This chapter begins by introducing the foundational concepts required to understand the op-
eration of MRRs and MRMs, followed by a description of the specific MRM device and thermal
control method employed in this work. It then reviews previous works on optical logic gates im-
plemented using these devices, with particular emphasis on the design and structure of their logic
control circuits, which process PD outputs and generate drive voltages for the modulators, as well
as the associated challenges. Finally, it discusses the key components of logic control circuits com-

monly used in optical platforms.

2.1 Microring Resonators/ Modulators

As shown in Fig. 2.1 (a) and (b), MRRs are compact and ring-shaped waveguides that are
typically implemented in either a single-bus or double-bus configuration, where light is coupled

from a straight waveguide into the ring [22].
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Figure 2.1: (a) Single-bus and (b) double-bus MRR configurations for optical signal routing.

In the single-bus configuration, the ring is coupled to only one straight waveguide. In the double-
bus setup, an additional waveguide is placed on the opposite side of the ring, introducing a drop
port alongside the through port. These configurations determine how light at different wavelengths
interacts with the ring, controlling whether it continues through the bus waveguide or is coupled
into the ring and redirected to the drop port.

To achieve resonance within the microring cavity, the round-trip optical path must satisfy a
phase-matching condition: the total distance traveled by the light in one loop must equal an integer

multiple of its wavelength. This condition is expressed as:

ey

where A\ is the resonant wavelength, n.s is the effective refractive index, L is the ring’s optical
path length (circumference), and m is a positive integer. This relationship indicates that multiple
wavelengths can meet the resonance condition, each corresponding to a different resonance order
defined by the integer m. The spacing between these resonances is referred to as the free spectral
range (FSR), and it depends on the geometry and effective index of the ring.

Fig. 2.2 (a) shows a representative transmission spectrum of the through and drop ports in a
double-bus MRR when a continuous-wave laser (CWL) is swept across the wavelength range. For
the single-bus configuration, the through-port response remains similar, but no drop-port curve is

present, as the drop port does not exist in that setup. As shown in this figure, in the single-bus



configuration, destructive interference occurs at resonance, resulting in a sharp notch in the trans-
mission spectrum at the through port. Off-resonant wavelengths continue through the waveguide
with minimal loss. This configuration is compact and well-suited for applications where only spec-
tral selection is required. The double-bus configuration adds a second waveguide, forming a drop
port. At resonance, a portion of the optical power goes from the input waveguide into the ring and
then is transferred to the drop port. Light that does not satisfy the resonance condition remains in

the through port [22].
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Figure 2.2: (a) Transmission spectrum of an MRR, illustrating resonance wavelength (\,e5) and full
width at half maximum (FWHM), and (b) Periodic resonance occurring at free spectral range (FSR)

intervals. The figure also indicates the insertion loss (IL).

Fig. 2.2 (a) and (b) also highlight several key parameters that influence its performance in pho-
tonic circuits. As discussed earlier, the resonant wavelength (\es) corresponds to the specific wave-
length at which light interferes destructively at the through port. Another important metric is the
full width at half maximum (FWHM), which defines the spectral width of the resonance notch at

half its maximum depth. A smaller FWHM indicates a sharper and more selective resonance. In



addition to these parameters, the insertion loss (IL) represents the optical power lost due to absorp-
tion, scattering, or imperfect coupling in the microring structure, measured away from resonance.
Also, the quality factor (Q)) provides a measure of the sharpness of the resonance. A high ) factor

corresponds to a narrow resonance bandwidth and is defined as follows:

)\I'CS

Q= FwH

2

Fig. 2.3 shows the structure of a typical MRM based on a pn-junction embedded inside the ring.
MRMs are derived from MRRs but are designed for active tuning of the resonance. This is typically
achieved by modifying the refractive index of the ring waveguide via the carrier plasma dispersion

effect under electrical bias [23].

Figure 2.3: Structure of an MRM with an embedded pn-junction for electro-optic tuning [22].

Fig. 2.4 shows the through-port transmission spectrum of an MRM measured under both unbi-
ased and reverse-biased conditions, highlighting how the curve shifts with applied voltage. As the
reverse bias increases, the resonance wavelength shifts along the wavelength axis. This behavior re-
sults from changes in the carrier concentration within the ring waveguide, which alter the refractive
index. Since the resonant wavelength depends on the effective refractive index, applying a reverse-

bias voltage shifts the resonance condition. As a result, a given input wavelength may move from
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an off-resonant to a resonant state (or vice versa), enabling modulation of the optical signal [23]. In
this way, the MRM operates as an optical modulator. The effectiveness of an MRM is characterized
by several key parameters. The extinction ratio (ER) refers to the ratio of transmitted optical power
between the logic ‘1’ and logic ‘0’ levels at the through port. A higher ER indicates better contrast
between logic states and thus improved signal integrity. The modulation efficiency refers to the
voltage required to achieve a desired shift in resonance wavelength. More efficient MRMs require

less drive voltage.

0.75¢

Transmission (a.u.)
=
(3

0.25}
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—Biased

Wavelength (nm)

Figure 2.4: Differential transmission spectra of an MRM under varying reverse-bias voltages, show-

ing the resonance shift between the unbiased and reverse-biased states.

MRRs and MRMs are highly sensitive to both fabrication-induced variations and changes in
ambient temperature, posing a major challenge for reliable operation. To maintain the desired res-
onance condition despite these variations, the modulator must be equipped with an effective tuning
mechanism that ensures alignment with the target wavelength.

A commonly used approach is to exploit the thermo-optic properties of silicon [23]. By placing
a microheater adjacent to the ring, the local temperature can be increased to shift the resonance [24].
It should be noted that this method allows only heating; there is no active cooling mechanism. As
a result, continuous heating is required to maintain resonance alignment, which can contribute to

increased energy usage over time [22].
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Fig. 2.5 shows the thermal feedback stabilization block diagram presented in [25]. In this ap-
proach, the optical powers at the through and drop ports of the MRM are monitored using low-speed,
variable-gain transimpedance amplifiers (TIAs) connected to PDs integrated within the photonic in-
tegrated circuit (PIC). These electrical outputs (Vrprough and Vprop) are subtracted in a summer block
to generate an error signal (Veror) that reflects the balance between the two ports. When the micror-
ing operates at the optimal locking point, the average through and drop powers are equal, yielding
Verror = 0.

This error signal is fed into an analog proportional—integral—derivative (PID) controller, which
regulates the voltage applied to an integrated microheater (Vieaer). By increasing or decreasing
heater power, the resonance condition is thermally tuned through the thermo-optic effect, driving
the error signal toward zero and locking the microring at the desired operating point. Since this
scheme derives its reference internally from the device’s own optical behavior, it eliminates the
need for external calibration, making it inherently robust to temperature drift, fabrication variations,

and laser power fluctuations.
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Figure 2.5: Block diagram of the thermal control unit for MRM [24].

This thermal control circuit, designed by Daniel Musat, a Ph.D. student at Concordia University,

is employed in this work to maintain stable MRM operation.
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2.2 MRM Device Used in This Work

The MRM used in this work is based on the design reported in [26] and was fabricated by José
Garcia Echeverria, a Ph.D. candidate at McGill University, on a silicon-on-insulator (SOI) platform
using a double-bus configuration, with a measured optical insertion loss of approximately 2dB. The
author contributed to the collaborative optical and electro-optic characterization of the device, the
results of which are presented in this section to provide context for the implementation described in
Chapter 3.

Fig. 2.6 (a) shows the micrograph of the fabricated MRM. The metal interconnect layers extend
to the bondpads of the PIC, which are wirebonded to the printed circuit board (PCB) and interfaced
with the MRM driver through an off-board electrical connection. In this setup, the p-type side of the
pn junction was grounded, and the n-type side was biased with a positive voltage. For static (DC)
biasing, this voltage is denoted as V;},. Increasing V;;, expands the depletion region and shifts the
resonance wavelength.

The OLG structure that will be introduced in Chapter 3 operates with a 0-5 V single-ended
electrical drive, while the logic functionality is realized through complementary optical powers at
the through and drop ports. While the detailed rationale for this architecture and drive voltage will
be presented in later sections, these assumptions are stated here to establish the context for the
following MRM characterization.

The differential transmission is defined as the optical power difference between the through and
drop ports of the microring, evaluated at a fixed wavelength. Near resonance, this difference can be

well approximated by a Lorentzian function [27]:

(I'+ D)
14 ()

where 7' indicates the ring’s intrinsic extinction (with 1" = 1 for a critically coupled device), and

Toupitt(A) = Tr(A) = Tp(A) =1 — 3)

D represents the coupling to the drop port. This Lorentzian approximation offers a compact and
accurate description of the spectral response and will be referenced in the analysis of modulation
behavior in Section 3.

While the Lorentzian model in (3) describes the differential transmission behavior, Fig. 2.6 (b)
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shows the individual transmission spectra of the through and drop ports under two biasing condi-
tions: Vi, = 0V and Vi, = 5 V. As explained, the employed thermal control circuit locks the ring
at a wavelength where the average powers at the through and drop ports are equal, corresponding
to identical DC power levels. Since the drop port response is the inversion of the through port,
this locking condition ensures that the through and drop outputs are approximately complementary.

Consequently, the MRM must operate at a wavelength that satisfies

Tr(0V) —Tp(0V) = Tp(=5V) — Tr(=5V) 4)

The operating wavelength satisfying (4) is indicated in Fig. 2.6 (b) as Ac.

o
)

Transmission (a.u.)

0
-170 0 Ac 120
Relative Wavelength (Pm)
(b)

Figure 2.6: (a) Micrograph of the fabricated MRM, and (b) measured transmission spectra at Vj, =

0V and V;;, = 5V, highlighting the operating wavelength . for differential logic operation.

The MRM is first characterized by measuring its optical spectrum at 19 °C with no applied
reverse bias (Vi, = 0 V). From the through-port transmission spectrum at 0 V shown in Fig. 2.6 (b),
a FWHM of 70 pm is measured, corresponding to a quality factor (Q) of 22,000. The extinction ratio
(ER), measured from the same spectrum, is approximately 23 dB. The measured Q-factor translates
into an optical bandwidth, f,y, of approximately 8.75 GHz. As shown in Fig. 2.7 (a), the differential
transmission (I — T'p) is measured for Vi, from 0 V to 5 Vin 1 V steps. The plot illustrates the

resonance shift with V}}, and highlights the target operating wavelength, at which the differential
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transmission is extracted for each bias level. These values are then used in Fig. 2.7 (b) to analyze
the relationship between Vi1, and Tr — T'p, showing a slope of approximately — 0.2 a.u./V within
the tested voltage range. Additionally, Fig. 2.7 (c) presents the electro-optic modulation behavior,
where the resonance wavelength is tracked as a function of V},. This characterization yields a tuning
slope of approximately 8 pm/V. These results establish the device operating parameters used later

in Chapter 3 and 4.
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Figure 2.7: (a) Differential optical transmission (I — Tp) measured for Vi, from 0 V to 5V,
showing resonance shift, (b) linear relationship between V};, and differential optical transmission

(It — Tp), (c) electro-optic tuning of the resonance wavelength versus V}y,.
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2.3 Related Work on Optical Logic Gates

Optical logic gates have been implemented using diverse photonic device platforms, each ex-
ploiting distinct physical mechanisms. The primary focus of this section is on MRM-based ap-
proaches, which have been studied for their compactness and CMOS compatibility. In parallel,
non-MRM structures, such as SOA-MZI and photonic crystal devices, have also been reported.
Together, these works illustrate both the potential and the challenges of optical logic design. The
following subsections review representative examples from both categories, highlighting their oper-

ating principles, architectural assumptions, and integration challenges.

2.3.1 Optical Logic Gate Realization Using Zero-Bias Photonic Structures

As illustrated in Fig. 2.8, [28] proposed a universal all-optical logic gate capable of operating
without any electrical power supply. The architecture combines the optical inputs in a multimode
interference (MMI) coupler, which forms the central stage of operation. Before reaching the MMI,
the signals P4 and Pp pass through thermo-optic phase shifters controlled by voltages V(-1 and
V. To realize OR and NOR functions, these phase shifters align the two inputs so that they arrive
in phase, ensuring constructive addition inside the MMI. The resulting combined optical power P,,
is then delivered to the optical-to-voltage converter (OVC).

The OVC, built from a stack of 16 series-connected zero-biased photodiodes, performs a non-
linear optical-power-to-voltage conversion. The generated voltage (V,,,) subsequently drives the
MRM. If the ring’s resonance aligns with the supply wavelength Py, the light is dropped and does
not reach the output waveguide, corresponding to a logical “0.” Otherwise, the light passes through
to the output, representing a logical “1.” By adjusting the initial resonance condition, the structure

can be configured to implement OR or NOR logic, depending on the chosen biasing scheme.
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Figure 2.8: Zero-bias PD stack in the optical-to-voltage converter (OVC) used to drive an MRM

without external electrical power [27].

To realize logic operations such as OR and NOR, the system exploits the nonlinear relationship
between the combined input power P, and the modulation voltage V,,,, which in turn shifts the
resonance of the MRM. Fig. 2.9 shows this nonlinear behavior, where the voltage response begins to
saturate at higher input powers. As illustrated in Fig. 2.10 (a) and (b), different input combinations
(00, 01/10, and 11) correspond to distinct OVC input powers. Based on the nonlinear transfer
curve, the resonance shifts for Ag; /19 and A1y are very close to each other, whereas both are clearly
separated from Agg. By appropriately choosing the initial detuning of the microring, the logic
function can therefore be defined. In the OR configuration (Fig. 2.10 (a)), the ring is tuned such
that Agg =~ Agup. For the “00” input, the resonance aligns with the supply wavelength and light is
dropped, yielding low output power and a logical “0.” For any nonzero input (01, 10, or 11), the
resonance shifts away, allowing light transmission that corresponds to a logical “1.” Conversely, in
the NOR configuration (Fig. 2.10 (b)), the ring is initially biased slightly off-resonance. As in the
OR case, the phase shifters align the two inputs in phase so that they interfere constructively at the
MMI, ensuring the correct combined power is delivered to the OVC. Under this biasing condition,
the “00” input yields a logical “1,” while all other input combinations shift the resonance toward
Asup and suppress the output, producing a logical “0.”

Additional logic functions such as XOR and XNOR can be implemented by adjusting the input

phases with the phase shifters Vo1 and Vioo. In this case, destructive interference is enforced at the
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MMI combiner, so that the combined power P, is nonzero only for the “01” and “10” states, while
vanishing for “00” and “11.” By selecting the initial biasing of the resonance appropriately, XOR or

XNOR behavior can then be achieved.
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Figure 2.9: Optical power-to-voltage characterization. Measured OVC output voltage as a function

of input optical power (P4 or Pp) for different input logic P4p configurations: 00, 01, 10, 11.
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Figure 2.10: Operational principle of the zero-bias optical logic gate [27]. (a) OR gate implementa-

tion and (b) NOR gate implementation.

At a high level, the design allows an optical logic gate to operate without any electrical gain. The
main practical challenge, however, lies in controlling the phase of the input signals. The thermo-
optic phase shifters must be tuned with high precision to ensure that the two inputs arrive at the
MMI in the desired phase relation. For OR and NOR gates, the signals must be aligned in phase

so that they interfere constructively, whereas for XOR and XNOR, a 180° phase difference must

18



be enforced to create destructive interference. Any deviation in phase alignment directly alters the
combined power at the MMI output, leading to errors in logic functionality and reduced cascadabil-
ity.

Second, the demonstrated speed is restricted to 10 Mbps [28], primarily due to the slow response
of the zero-bias PDs. In photovoltaic mode, the high junction resistance combined with the intrinsic
capacitances of the PDs and the MRM produces a large RC time constant on the order of tens to
hundreds of nanoseconds. This confines the bandwidth to only a few megahertz. In principle, the
OVC could operate in reverse-biased (photoconductive) mode, which would enable drift-dominated
transport, reduced resistance, and multi-gigabit per second data rates. However, doing so requires
an external electrical supply and an I-V conversion stage, eliminating the self-powered feature that
defines the novelty of the zero-bias architecture. Moreover, under reverse bias, the nonlinear power-
to-voltage characteristic of the PD stack largely disappears, eliminating the saturating transfer curve
that is central to distinguishing between input states. Thus, the speed limitation is not fundamental
to photonic integration itself but rather a direct consequence of maintaining zero-bias operation,
which simultaneously provides both self-powered functionality and the nonlinear P-V response

used for logic realization.

2.3.2 Optical Logic Gate Realization Using Feedback-Controlled PN-Junction Tun-
ing

Reference [21] presents a method for implementing universal optical logic gates (UOLGs) based
on the electro-optic tuning of silicon MRMs using feedback from photodetected input signals. The
core architecture relies on dynamic tuning of MRM resonances through PN-junction tuning. As
illustrated in Fig. 2.11(a), two optical inputs, A and B, are coupled into MRMs A and B, whose
resonances are initially biased symmetrically around the operating wavelength Ay (shown in the
shaded region of Fig. 2.11(a)). A small portion of the transmitted signals is tapped and converted
into photocurrents ¢4 and ¢g. The difference current, ig;¢g = ¢4 — ¢p, is amplified by a limiting
amplifier (LA1), and the resulting voltage is fed back to modulate the PN junctions of MRMs A and
B, dynamically shifting their resonances to enforce the correct logic state.

If igig > 0, meaning input A is logical “1” and input B is logical “0,” the applied feedback
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shifts the resonances of MRMs A and B toward shorter wavelengths, resulting in a deeper suppres-
sion at the output of MRM A. Conversely, if ¢q;¢ < 0, corresponding to input A = “0” and input
B = “1,” the feedback shifts the resonances toward longer wavelengths, enhancing suppression at
the output of MRM B. When the inputs are equal (00 or 11), the difference current vanishes and
the resonances remain at their initial bias points. This behavior is only possible with careful initial
detuning of MRMs A and B around )\, ensuring that the feedback response produces the intended
logical outputs. As mentioned earlier, the feedback system also enhances suppression at the out-
puts corresponding to the logical “0” state and sharpens the transition between “0” and “1” levels,
improving the overall contrast of the logical levels.

The remaining optical signals from MRMs A and B are then phase-aligned using a thermo-
optic heater located next to the Y-junction combiner and subsequently combined in the Y-junction,
whose output effectively performs an OR operation. This stage once again highlights the critical
role of phase control. The signals must be aligned in phase so that they interfere constructively
at the combiner. Any phase mismatch would degrade the interference contrast and distort the OR
functionality. As with other interference-based schemes, this reliance on precise phase alignment
represents a practical constraint. Thus, the overall effectiveness of the architecture depends not only
on the feedback-controlled resonance tuning of the MRMs but also on maintaining stable phase

alignment at the Y-junction.
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Figure 2.11: PN-junction feedback-based control scheme for implementing optical logic gates using

MRMs [20]. (a) Circuit schematic for NOR gate. (b) Operational principle of NOR gate.
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To complete the logic function, a third MRM (MRM C) is introduced, which is initially biased
slightly off-resonance and supplied with a constant optical input. Its resonance is controlled by the
output of the Y-junction after detection and amplification via LA2. When the combined output of
the Y-junction corresponds to a logical “0,” the resonance of MRM C remains unchanged, allowing
the supply light to pass through and producing a logical “1” at the output. Conversely, when the
Y-junction output is logical “1,” the applied voltage shifts the resonance of MRM C toward shorter
wavelengths, bringing it into alignment with the input laser. As a result, the supply light is dropped,
and the output of MRM C becomes logical “0.” In this way, MRM C functions as an optical inverter,
and the combination of the OR output with this inversion yields the NOR function.

In addition to demonstrating NOR logic, the paper also shows that by initially biasing MRMs
A and B in an alternative configuration, summing their photocurrents instead of differencing them,
and adjusting the thermo-optic heater in one arm of the Y-junction, an optical AND function can be
realized. Applying the same inversion stage to this output then yields a NAND gate.

In this work, no physical MRMs were fabricated; instead, a single UOLG was implemented on
a programmable mesh of 2 x 2 Mach—Zehnder interferometers (MZlIs) configured to emulate MRM
behavior. The full SR latch, comprising two cross-coupled gates, was not realized experimentally
but only demonstrated through software simulation on a larger photonic mesh. Another important
consideration is the logic control circuitry, particularly the limiting amplifiers (LA1 and LA?2) that
generate the feedback signals. These amplifiers were not realized on-chip or on-board; rather, their
behavior was emulated entirely in software. The paper does not provide detailed electrical specifi-
cations for these components, such as gain, bandwidth, or noise performance, making it difficult to
evaluate the feasibility of a fully integrated hardware implementation.

In summary, Reference [21] presents a promising conceptual framework for scalable optical
logic, supporting universal operations and enabling more complex functions such as optical latches.
However, accurate phase alignment remains the critical challenge, since the heater before the Y-
junction must be finely adjusted to guarantee the inputs combine in the proper phase. In addition,
each gate requires three MRMs, all of which must be accurately biased, leading to increased area

and higher control complexity if implemented on a photonic circuit.
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2.3.3 Non-MRM-Based Structures

Beyond MRM-based implementations, several alternative device platforms have been investi-
gated for realizing OLGs. These approaches exploit different physical mechanisms, offering distinct

advantages and challenges compared to MRM-based architectures.

Quantum-Dot SOA-MZI Based Logic Gates

Reference [11] proposed an ultrafast all-optical NOR gate using a MZI with quantum-dot semi-
conductor optical amplifiers (QDSOAs). Compared to bulk or quantum-well SOAs, QDSOAs pro-
vide shorter carrier relaxation times, higher saturation power, lower noise figure, and improved
temperature stability.

As shown in Fig. 2.12, data signals A and B are combined and injected into one QDSOA through
a wavelength-selective coupler (WSC), while the clock signal (a constant stream of logical “17) is
directed into the other. A CW probe is split by a 3 dB coupler and sent into both arms, with all
inputs assigned distinct wavelengths. When the data or clock signals are present, they saturate the

QDSOAs, changing the carrier density and refractive index, which shifts the phase of the CW probe.

NOR truth table

Al B| NOR
DSOAs-MZI: NOR +%+—!
Data A Q > 01 0
| WSC 1l o0 0
CW Probe;% 398 NOR
oC oC Gate
Clk Signal |wsc
> QDSOA2

Figure 2.12: QDSOA-MZI based all-optical NOR gate with corresponding truth table [11].

The MZI is initially biased at destructive interference. For input “00,” only the clock arm is
saturated, producing a phase imbalance that results in constructive interference and a logical “1”

at the output. For inputs “01,” “10,” or “11,” both arms are saturated, so the probe beams remain
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phase-aligned and recombine destructively, yielding logical “0.” This realizes the NOR operation.

The CW probe is distinguished from the control signals (A, B, CIk) by both power and wave-
length. The control beams are launched with higher power to drive QDSOA saturation, while the
probe is kept weak so that it only experiences the induced phase shift.

This work was validated through simulation. In practice, implementation would require a phase
shifter to accurately bias the interferometer arms, as well as electrical biasing for the two QDSOAs
used in each gate. Furthermore, the scheme depends on separate wavelengths for A, B, Clk, and the
CW probe, which complicates the system. Overall, this approach demonstrates ultrafast operation
and improved carrier dynamics over bulk and quantum-well SOAs, but at the expense of higher

device and system complexity.

Photonic Crystal Logic Gates Based on the Kerr Effect

Reference [29] presented an all-optical AND gate based on a two-dimensional photonic crystal
(PhC) ring resonator structure exploiting the nonlinear Kerr effect. The device consists of GaAs
dielectric rods arranged in air, where the intensity-dependent refractive index variation enables non-

linear switching. The overall structure is shown in Fig. 2.13.
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Figure 2.13: Schematic of the Kerr-effect-based photonic crystal AND gate structure [29].
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The main element is the central PhC ring resonator (red rods), where the Kerr nonlinearity
causes an intensity-dependent index change that shifts the resonance. Inputs A and B are injected
through waveguides on the right. With only one input active, the resonance shift is too small for
significant transmission, so the output remains low. When both inputs are present, the higher com-
bined intensity produces a sufficient resonance shift, enabling strong transmission at the output port,
thus realizing the AND function. Two nonlinear scattering rods (radius 110 nm), together with two
auxiliary microresonators (radius 39 nm) near the output waveguide, serve as supporting features
that improve coupling efficiency and enhance the output contrast ratio.

This structure achieves a compact footprint and picosecond-scale response. Its main limitations
are the relatively high switching power, sensitivity to material nonlinearities, and a lack of optical

signal regeneration, which limits large-scale deployment.

2.4 Logic control circuit components

While the previous section discussed two MRM-based optical logic gate implementations, both
rely on simplified or emulated logic control schemes. In contrast, the present approach uses a
dedicated electrical logic control circuit to interface with photodetected signals and drive the MRMs.
These photocurrents are generated by PDs integrated within the PIC. This block typically performs
two key functions: (1) it receives the input signals as photocurrents and processes them, acting as
an optical receiver, and (2) it generates the electrical signals needed to modulate the MRMs, acting
as a modulator driver.

Fig. 2.14 presents a high-level block diagram of the logic control circuit, highlighting three es-
sential building blocks commonly used for optical-to-electrical conversion and signal control: I-V
conversion stages, main amplifiers (MAs), and DC offset compensation (DCOC) circuits. To under-
stand the functional requirements of such a circuit, it is helpful to examine these core components,

which are described in the following subsections.
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Figure 2.14: Overall block diagram of the logic control circuit, illustrating its key functional com-

ponents

2.4.1 I-V Conversion Circuits

In optical logic systems, the photocurrent generated by PDs should be converted into voltage
signals for further electronic processing. This conversion is typically performed by an I-V conver-
sion circuit. This circuit is a crucial building block in any optical system. An I-V conversion circuit
serves the dual purpose of converting photocurrent to voltage, and amplifying the signal to levels
suitable for post-amplification or logic control.

The first and simplest approach for converting photocurrent to voltage in optical front-ends is
the use of a resistor [30]. As it is illustrated in Fig. 2.15, the PD is directly connected to a load

resistor R, and the voltage is given by:

Vin = Irp X R¢ (5
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Figure 2.15: Resistor-based [-V conversion: (a) circuit schematic and (b) AC small-signal model.

While this topology offers simplicity, it suffers from a fundamental trade-off between gain and
bandwidth. The load resistor, together with the total input capacitance C'p (including PD junction
capacitance and pad parasitics), forms a first-order low-pass filter. The resulting 3-dB bandwidth is

given by:
1

2rR-Cp ©

faaB =

Combining the two equations shows that increasing R improves voltage gain but simultane-

ously reduces bandwidth:

1
Gain = R and Bandwidth oc — @)
Re

This inverse linear relationship between gain and bandwidth limits the suitability of this ap-
proach in high-speed optical systems. However, its simplicity makes it attractive in low-speed or
proof-of-concept scenarios, or in cases where the total capacitance is very small—such as in mono-
lithic integration where pad capacitance is eliminated.

A minimal optical logic gate can also be envisioned by directly connecting a PD, a load resistor,
and an MRM, as illustrated in Fig. 2.16. In this system, the photocurrent generated by the PD is
converted to a voltage across R¢, which directly drives the MRM and shifts its resonance. The

bandwidth is limited by the RC time constant of the load resistance and the total capacitance at the
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Figure 2.16: Minimal OLG using PD, resistor B¢, and MRM.

Here, both the PD junction capacitance and the intrinsic capacitance of the MRM contribute to
the effective load capacitance. If the resistor is implemented on-chip inside the PIC, then the total
capacitance is limited to C'pp + Cysras, and the speed can be improved. However, if an off-chip
resistor is used, the additional pad capacitance C),q must be included in the total load, which further
reduces the achievable bandwidth and makes the RC trade-off even more restrictive.

The operating voltage across the MRM depends on the input photocurrent /pp. When the input

optical power is high, the current is large, and the node voltage approaches

Vimod. ® VDD — Re X Ipp 9

while for low input optical power, the current is small and the node voltage rises toward

Vmod,H ~ VDD — RC X IPD,L (10)

where Ipp g and Ipp 1, represent the photocurrents under high and low input levels, respectively.
These two levels determine the effective modulation swing applied to the MRM.

In general, the modulation voltage swing can be expressed as
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Vinod = IPD,p—p X RC (1 1)

where Ipp p, 18 the peak-to-peak photocurrent corresponding to the optical input. As shown in (9)
and (10), the first inversion occurs in the I-V conversion stage, while the second inversion is in-
troduced by the MRM itself due to the negative slope of the resonance curve when the operating
point lies on the right side of the resonance (see Fig. 2.7 (b)). To ensure that the modulation swing
between these levels is sufficient for proper logic operation, a relatively large R¢ is required. As a
result, the through port realizes a buffer function, whereas the drop port provides the complementary
NOT function.

In addition, the value of R~ must also exceed a certain minimum threshold to ensure a minimum
optical gain magnitude of unity, i.e., |Gain| > 1. A detailed explanation and derivation of this con-
dition, along with numerical estimates for the fabricated device, will be presented in Section 3.1.1.

Overall, the appropriate choice of Rc depends on several design factors, including the input
optical signal levels, the amplitude of the desired modulation voltage, the supply voltage VDD, the
required optical gain, and the targeted speed of operation.

For example, if we assume an input optical power swing of 35 uW (with low and high levels of
5 uW and 35 uW, respectively), the corresponding photocurrent swing is Ipp p.p = 28 uA (Ipp 1, =
4 pA, Ipp g = 32 pA). With a supply voltage of Vpp = 5V, and assuming a desired modulation
amplitude of approximately 4 V, the required resistance is Rc = 4/(28 x 107°%) ~ 143kQ. Under
these conditions, the modulation levels are approximately Vipoqr ~ 0.4V and Vioan ~ 4.4V,
providing the desired 4 V swing.

To evaluate the bandwidth, we use (8). With capacitances of Cp;rys = 30 fF and Cpp = 301F,
the total capacitance for the on-chip case is Copchip = 60fF, which yields a 3-dB frequency of
f3dB,on-chip ~ 18.6 MHz. If the resistor is implemented off-chip, the additional pad capacitance of
Cpad =~ 150 fF increases the total capacitance to Cogt.chip ~ 210 fF, resulting in lower bandwidth of
[34B off-chip = 5.3 MHz.

This PD-resistor—-MRM configuration represents an extremely simple architecture, and demon-

strates the feasibility of a nearly all-optical logic gate. However, the severe speed limitation due to
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the RC trade-off, limited modulation swing, and strong dependence on optical input levels are the
main challenges of this structure.

Returning to I-V conversion structures, the gain—bandwidth trade-off inherent in resistor-based
implementations can be mitigated by employing transimpedance amplifiers (TIAs) in high-speed
optical systems. One approach is to incorporate active feedback, which lowers the input impedance
seen by the PD, thereby minimizing RC delay and avoiding the bandwidth limitations imposed by
the PD’s parasitic capacitance. This enables high transimpedance gain and wide bandwidth, making
TIAs well-suited for fast and energy-efficient signal processing.

Among various TIA implementations, inverter-based architectures are particularly attractive in
modern CMOS optical receivers. These designs leverage high-gain CMOS inverters, offering high
transconductance, rail-to-rail output swing, and excellent compatibility with low-voltage operation
in a compact form factor [30]. As a result, inverter-based shunt-feedback TIAs have become a
popular choice for high-speed, low-power front-ends, providing an efficient interface between the
PD and subsequent circuits in optical receivers.

The schematic of a CMOS inverter-based shunt feedback TIA is shown in Fig. 2.17 (a). When
Iin = 0, the input and output voltages of the inverter are equal, i.e., Vi, = Voy. This defines the
operating point of the TIA in an inverter-based shunt-feedback configuration. To analyze the fre-
quency response of the TIA, its AC small-signal model, shown in Fig. 2.17 (b), is considered. This
model captures the dominant parasitic capacitances and resistances, enabling analytical evaluation

of the amplifier’s frequency-dependent behavior. The circuit parameters are defined as follows:

gm = gm1 + Gm2 (12)
Ro =701 || 702 (13)
Cr = Cgs1 + Cgs2 + Cp (14)
Co = Cap1 + Canz + C, (15)
Cr = Cga1 + Cegaz (16)
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Figure 2.17: CMOS inverter-based TIA: (a) circuit schematic and (b) small-signal model.

The transfer function from the input current of the small signal 1y to the output voltage Vo, is

expressed as [31]:

E . (RFCFS +1-— ngF)RO (17)
Iy  RpRoCs?>+ [Rp(14 gmRo)Cr + (Rrp+ Ro)Cr + RoCol s + 1+ gmR,

where C' = C1Co + C;Cr + CoCF.
Assuming C'r is smaller than the other parasitic capacitances and contributes minimally to the

frequency response, the expression simplifies to:

Vout _ (1 —gmBr)Ro (18)
In RpRoC1Cos?+ [(Rr + Ro)Cr + RoCol s + 1+ gmRo
At low frequencies, the gain can be approximated by:
Vout _ 1-— ngF (19)

IIn B 1 +ngO
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The input resistance is given by:

R R 1
Rip =~ o = (20)
Assuming g, Rr > 1 and g, R, >> 1, the transimpedance gain simplifies to:
Vout
O ~ —Rp @
IIn

Finally, to evaluate the time-domain behavior, the natural frequency of the system is given by:

1+ gnRo
= e 22
« RrRoCrCo (22)

Based on the above analysis, it can be concluded that the inverter-based shunt-feedback TIA
maintains a transimpedance gain approximately equal to R, assuming g,,Rr > 1. However,
unlike the resistor-based I-V conversion where the bandwidth is directly proportional to 1/Rp, in

this active configuration the bandwidth is proportional to:

1
Bandwidth o« —— (23)
VRFE

This indicates that in the inverter-based topology, the bandwidth decreases only slowly with
increasing feedback resistance, offering a much more favorable trade-off than the linear inverse
dependency of the resistor case. Nonetheless, another interpretation of this relationship is that
further doubling the bandwidth would require a quadratic reduction in the gain [32]. This shows the

fundamental limit on the gain for a given bandwidth.

2.4.2 Main Amplifiers (MAs)

In high-speed optical receiver systems, the TIA performs the critical task of converting pho-
tocurrent to voltage. However, due to its gain-bandwidth trade-off, the TIA alone is typically insuf-
ficient to produce voltage levels large enough to reliably drive digital logic stages or comparators.

Therefore, one or more main amplifier stages are added following the TIA to further boost the signal
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amplitude.

The primary objective of these main amplifiers is to significantly increase the signal amplitude
while maintaining an acceptable bandwidth. However, amplifier design is also constrained by the
same fundamental trade-off: as the gain of an amplifier increases, its bandwidth generally decreases.
This gain-bandwidth trade-off becomes more pronounced when multiple amplifier stages are cas-
caded, as each stage contributes to the overall frequency response. To mitigate excessive bandwidth
degradation in such cascaded configurations, careful circuit techniques, such as employing feedback
mechanisms, are often necessary.

To address this, a popular approach is the inverter-based Cherry—Hooper amplifier. Like a shunt
feedback inverter-based TIA, this architecture also uses CMOS inverters. As shown in Fig. 2.18
(a), the Cherry—Hooper structure consists of two stages: a transconductance stage that performs
voltage-to-current conversion, followed by a transimpedance stage that converts current back to
voltage. The use of local feedback in the second stage significantly lowers the impedance at both
the intermediate and output nodes. As a result, the associated pole frequencies are pushed much
higher compared to a conventional common-source amplifier with a load resistance equal to Rp.

This makes the Cherry—Hooper structure well-suited for high-speed applications.
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Figure 2.18: Cherry—Hooper amplifier used as a main amplifier stage: (a) circuit schematic and (b)

small-signal model.

The AC small-signal equivalent model of the amplifier is shown in Fig. 2.18 (b). To simplify
the analysis, the gate-to-drain capacitance (Cgq) of the MOSFETs is neglected, and the transistor
dimensions are assumed to be equal; that is, W/ Lia) = W/ Ly and W/ Lvioay = W/ Lvog)-

The relevant circuit parameters are defined as [30]:

ImA = gmB = Im = Ym1 + Ym2 (24
Roa = Rop = Ro =71 || o2 (25)
Cy = Cg1B + Cg2B + Cap1a + Cav24 (26)
Co = Can1B + Canzp + CL (27)
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The overall voltage transfer function of the amplifier is given by:

Vout _ gm(ngF - 1)RO (28)
Vi RFROcMCOS2 + (RF + RO)(CM + CO)S + gmPBRo + % +2
From this expression, the natural frequency w,, can be derived as:
ngO + % +2 (29
w =
" RrRoCynCo
The low-frequency voltage gain of the amplifier is expressed as:
Vout ngF —1
— G ‘Ro (30)
Vin I Ro+ Ae 19

Under the assumption that g,, Rr > 1 and g,, Ro > 1, the transimpedance gain simplifies to:

Zr = gmRp (€29)

This analysis highlights the effectiveness of the Cherry—Hooper topology in providing amplifi-
cation with manageable gain and bandwidth trade-offs, making it a practical choice for integration
in optical systems. To achieve sufficient overall gain, post-amplifiers typically employ multiple am-
plification stages. However, increasing the number of stages also raises power dissipation and noise.

As a practical compromise, most designs limit post-amplifiers to three or four stages [30].

2.4.3 DC Offset Compensation (DCOC)

In mixed-signal and optical front-end circuits, particularly those interfacing analog signals with
digital logic or modulators, maintaining a stable DC operating point is essential. In optical receivers,
the dominant source of DC offset is the average photocurrent generated by the PD. DCOC circuits
are primarily used to compensate for this input DC current, ensuring that the signal remains centered
around a defined level, typically near the switching threshold of the subsequent circuitry. In addition,
DCOC circuits help prevent baseline drift caused by device mismatch, charge accumulation, and

variations in threshold voltages. If left uncompensated, these effects can lead to signal clipping,
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reduced dynamic range, or saturation in downstream stages.

Fig. 2.19 illustrates a typical inverter-based single-ended DCOC circuit used in optical front-
end systems. As shown in this figure, the conventional DCOC approach uses a low-pass filter and
a feedback loop to regulate the signal’s DC level. The loop continuously extracts the average of
the output voltage and compares it to a reference level, typically Vrgr = Vpp/2, generating a
correction current that gradually shifts the baseline. This approach assumes that the input data
stream is statistically balanced (i.e., equal probability of logical ‘1’s and ‘0’s), so that the average
value corresponds to the midpoint (intended baseline). Fig. 2.20 illustrates this concept using a
pseudo-random signal with 50% logical ‘1’s. The red line indicates the average of this signal,

which coincides with the midpoint of the waveform (black line).
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Figure 2.19: Inverter-based DCOC circuit with low-pass filtering and feedback loop. (a) Circuit
schematic with compensation current /o used to stabilize the baseline. (b) Output voltage Vo
without DCOC, showing baseline drift. (c) Output voltage Vo with DCOC, showing corrected

baseline around Vpp /2.
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Figure 2.20: Pseudo-random signal between 300 mV and 700 mV with 50% logical ‘1°. The black

dashed line shows the midpoint (0.50 V) and the red dashed line the average (0.503 V).

The output voltage V is low-pass filtered and compared to Vygr. The resulting error signal
generates a compensation current /o, which is fed back to the input of the inverter-based TIA.
This low-frequency feedback loop corrects slow drifts in the operating point without disturbing
high-speed signal components [33]. The output is thus centered around Vggr, improving linearity
and ensuring reliable logic-level detection.

Although the implementation requires relatively large resistance and capacitance values for ef-
fective low-pass filtering, these components are compatible with standard CMOS processes and
support a compact, fully integrated design. The DCOC loop also enhances robustness to process
variation and slow dynamic changes in the optical input signal. Fig. 2.19 (b) and (c) illustrate the
impact of DCOC on the output voltage V of an inverter-based circuit. In Fig. 2.19 (b), without
DCOC, the baseline of Vp drifts over time due to asymmetries in the signal, causing the output to
deviate from the ideal midpoint Vpp /2. This drift can lead to signal distortion or logic errors in
downstream stages. In contrast, Fig. 2.19 (c) shows the effect of enabling DCOC, where a low-
pass filtered feedback loop continuously adjusts the bias to keep the signal centered around Vpp /2,
thereby improving signal symmetry and reliability.

However, this method becomes ineffective when the input data is unbalanced or pattern-dependent,
as is common in optical logic systems. In such cases, the average value deviates from the true base-

line, leading the DCOC loop to inject an incorrect correction. This can degrade the logic signal
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or shift it outside the modulator’s operating range. This issue highlights the need to improve the

DCOC block to ensure stable operation under data-dependent conditions.

2.5 Conclusion

This chapter established the context for optical logic gate design using MRMs by reviewing
their fundamental operation and key configurations. It then examined prior work on MRM-based
logic gates, highlighting common challenges in cascadability and control. The focus then shifted to
the logic control block, detailing essential components such as transimpedance and main amplifiers,
as well as DC offset compensation circuits. These components, commonly used in receiver front-
ends, form the core of the logic control circuitry and are essential for ensuring stable and scalable

logic operation.
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Chapter 3

Design and Realization of a 2x2 Optical
Switch Using Cascadable Optical Logic

Gates

This chapter presents Phase I of the project, which focuses on the design and experimental
realization of a 2x2 optical switch constructed from cascadable optical logic gates. The system
comprises a PIC incorporating MRMs with PN junctions and integrated heaters, waveguides, and
PDs; a thermal control circuit that stabilizes the microring resonances; and a logic control circuit that
interfaces with the photonic components to perform the required logic processing. As discussed in
Chapter 2, the PIC and thermal control circuit were developed by other members of the research
team and are described there for context. The primary focus of this chapter is the design and
implementation of the logic control circuit, along with the integration and experimental evaluation

of the complete 2x2 optical switch system.

3.1 Optical Logic Gate Design and Characterization

This chapter details MRM-based OLGs, starting with a cascadable optical NOT gate and ex-

tending to a universal NAND gate.
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Figure 3.1: (a) Schematic of a conventional digital NOT gate, showing the VTC and noise margins;
(b) conceptual schematic of an optical NOT gate, illustrating the PTC and its associated ONMs.

3.1.1 Cascadable Optical NOT Gate Design

Fig. 3.1 (a) shows a conventional CMOS inverter along with its voltage transfer characteristic
(VTC) and associated noise margins [34]. The VTC defines the relationship between input and
output voltages, exhibiting a steep transition region around the switching threshold. The switching
threshold (V) is defined as the point on the VTC where the input voltage equals the output voltage.
It marks the transition boundary between logic ‘0’ and logic ‘1°. This steep transition region enables
logic-level regeneration and noise rejection. From the VTC curve, two critical noise margins, NMr,
and NMy, are extracted, representing the maximum tolerable noise for reliable logic 0 and 1 states.
These margins are identified at the points where the slope of the VTC equals —1 and are used to
assess logic stability in cascaded digital systems.

The regenerative property of the VT'C not only ensures reliable logic restoration but also enables
cascadability and scalability, as multiple inverter stages can be connected without cumulative signal

degradation. This characteristic is fundamental to the widespread use of CMOS logic in large-scale
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digital systems.

Building on this foundation, we introduce the structure of our optical inverter. Fig. 3.1 (b)
shows the conceptual architecture, where an MRM is employed as the central element for optical
signal modulation. A PD converts optical input into electrical current, which feeds into a logic
control circuit that determines the modulation state of the MRM. As shown earlier in Fig. 2.7, when
the operating wavelength is locked on the right side of the resonance, the transmission exhibits
a negative slope with respect to the applied modulation voltage. In this regime, increasing the
modulation voltage decreases the output optical power, thereby enabling inversion. In addition, the
electrical logic control circuit provides the necessary gain and saturation levels. This configuration
implements a NOT gate at the optical level.

The logic control circuit handles signal regeneration by interpreting the detected electrical signal
and applying a reverse-bias modulation voltage (Viyoq) to drive the MRM, regenerating a new optical
output. We selected a 5 V reverse-bias modulation voltage because it provides sufficient resonance
shift and optical output contrast in the MRM, as will be explained and demonstrated in the following
section. Additionally, this value aligns with the 5 V supply voltage of the logic control circuit,
eliminating the need for voltage-level conversion and simplifying the overall system design. This
modular structure supports scalability, as larger optical networks can be built by cascading identical
gates without cumulative signal degradation.

As also shown in Fig. 3.1 (b), analogous to the VTC in electronic inverters, we define the
PTC for the optical inverter, which relates the optical output power to the optical input power.
Unlike the VTC, which is expressed in volts, the PTC is measured in units of power (watts). This
representation captures how changes in optical input signals affect the inverter’s output response. As
with its electronic counterpart, the slope of the PTC is used to define the ONMs, which quantify the
system’s tolerance to fluctuations in optical input power. This analogy enables a rigorous analysis
of the optical inverter’s behavior and its suitability for cascaded logic applications.

To explain the concept of the proposed OLG, we focused on a single-ended optical inverter that
uses a single output port to represent logic levels. Alternatively, as explained in chapter 2, a double-
bus MRM configuration, providing complementary optical power levels at the through and drop

ports, can be used to implement differential OLGs; In cascaded OLG systems, this configuration
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allows the downstream logic control circuit to process complementary optical inputs, where a simple
subtraction effectively cancels out the common DC component. As a result, no additional baseline
correction circuitry is needed, simplifying the design while ensuring proper logic interpretation in
successive stages. This property is particularly beneficial when the output of one OLG directly
drives the input of the next, supporting scalable and reliable optical logic systems.

To demonstrate how the MRM can be integrated into a functional optical logic gate, we now
analyze a cascadable optical inverter configuration. This design incorporates the previously char-
acterized MRM, PDs, and a simplified logic control circuit. The goal is to provide a theoretical
framework that captures the key relationships between optical input signals, the resulting modula-
tion voltage, and the differential optical output power. As illustrated in Fig. 3.2, the circuit uses
resistors for current-to-voltage conversion. These are followed by a subtractor with unity gain,
which processes the through and drop signals to eliminate the DC component and generate the dif-
ferential signal. As shown in Fig. 3.2, the output of the control circuit drives the n-type side of the
junction, consistent with the previously defined biasing convention. To maintain reverse-biased op-
eration, the modulation signal must swing between GND and VDD and be centered around VDD/2.
No active electrical amplification is considered, and the only electrical gain is provided by the re-
sistors. The dashed area in the figure contains the unity-gain subtractor and summation blocks; the
output voltage of this area is constrained to remain within the GND to VDD range. Based on these
assumptions, the relationship between differential input power and modulation voltage (Vioq) is

given by:

VDD

2 (32)

Vinod = [RPD X Rc x (P — Pfln)} +

where Py, and Py, represent the complementary optical input signals, and Rpp is the PD responsiv-
ity. The I-V conversion resistance is denoted as Rc, which converts the photocurrents into voltage
signals Vi, and V4,. The differential voltage Vi, pif is obtained by subtracting the V7, from the Vi,
while VDD/2 adjusts the signal to make it suitable for reverse bias modulation of the microring. As
mentioned, the output voltages from the dashed stage are inherently limited to the range between

GND and VDD. Consequently, the modulation voltage is constrained by VDD and GND, limiting
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Figure 3.2: conceptual schematic of a simplified logic control circuit for a differential optical in-
verter

its range. As a result, the differential optical output power Poy.piff depends on Vo4, Which is
subject to these saturation limits. To analytically model the differential optical output power as a
function of V04, we begin with the Lorentzian approximation introduced in Chapter 2 (3), which
describes the microring’s transmission response near resonance. This expression is adapted under
two key assumptions. First, we assume a linear relationship between the resonance wavelength and
the modulation voltage, i.e., Ares(Vinod) = Ares(0V) + 7Vinod, as shown in Chapter 2. This ap-
proximation was confirmed experimentally for applied voltages up to 5 V. Second, we evaluate the
transmission at the fixed operating wavelength A = A, which corresponds to the complementary
switching point defined in Chapter 2. Additionally, Pcwr denotes the continuous-wave laser input
power supplied to the MRM. Substituting these into (3) yields the following expression for the

differential optical output power:

T+D
Poupift(Vinoa) = |1 — S ( ) 5 | Pewr (33)
1 +4( c*()\res(ov)H?and))
FWHM

The total gain from the differential optical input power to differential optical output power is
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determined by the conversion resistance (R¢), the PD responsivity (Rpp), and the slope of the
Pout-piff VS. Vinod response curve.

For the OLG to function as a valid logic gate, the absolute value of the gain must be at least 1.
Since the I-V conversion resistance R is the only tunable parameter in this logic control circuit, it
is useful to express the gain condition in terms of the minimum R required for correct operation.

Therefore, the condition becomes:

|Gain| > 1 = Rc > o Poun (34)
PD dVinod
This condition implies that a I-V conversion resistance of at least 1/ ‘(RPD X dg%""di“) is re-

quired for the OLG to operate correctly as a logic gate. For the fabricated MRM, the differential
transmission slope in the 0-5 V range was measured at approximately —0.2 a.u./V. Assuming a
CWL power of 250 uW, a 2 dB insertion loss, and a 3 dB loss in the splitter following the ring,
the resulting slope between differential optical output power and modulation voltage is approxi-
mately —15.8 uW/V. Using a PD responsivity of Rpp = 0.8 A/W, (34) yields a minimum conversion
resistance of about 79 k).

Considering the calculated minimum conversion resistance, a system gain of —1, and the sat-
uration limits defined by VDD and GND for the modulation voltage, we can determine the range
of minimum differential input power required to drive the modulation voltage across its full swing.
This range defines the input power interval over which Vj,q transitions from GND to VDD. Be-
yond this range, the system enters saturation, and further increases in input power do not result in
changes in modulation voltage or output power. The peak-to-peak amplitude of the minimum dif-
ferential input power required to drive the modulation voltage from GND to VDD can be expressed
as:

VDD

APp st = ———— 35
In, sat RC < RPD ( )

This equation defines the transition threshold beyond which the system saturates, and additional

increases in optical input power will not affect the modulation voltage or the optical output power.
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It establishes an inverse relationship between the -V conversion resistance R¢ and the minimum
required differential input power: a higher R reduces the differential input power needed to swing
the modulation voltage from GND to VDD, ensuring proper logic-level operation. By substituting
the device and circuit parameters (VDD =5V, Rc = 79 k€2, and Rpp = 0.8 A/W) into (35), the

minimum differential input power for |Optical Gain| = 1 is obtained as:

5

AP = 7057057 08

~ 79 uW.

3.1.2 Cascadable Optical NAND Gate Design

To build larger optical logic systems, a universal gate is essential. Universal gates, such as
NAND and NOR gates, serve as fundamental building blocks in digital logic. In this subsection,
we focus on the design of cascadable optical NAND gates, which are intended for use in more
complex and scalable optical systems. Fig. 3.3 (a) illustrates the overall system architecture for the
cascadable optical NAND gate. The concept behind the optical NAND gate is similar to that of the
optical NOT gate, with the primary difference being the use of additional inputs and a dedicated
logic control circuit.

Fig. 3.3 (b) illustrates the micrograph of the fabricated PIC, which includes a double-bus MRM,
integrated PDs that receive optical input signals for logic operations, and monitoring PDs used
for implementing the thermal control circuit. As shown in this figure, the optical input signals
IN-A, IN-A, IN-B, and IN-B are directed to corresponding PDs, which convert them into electrical
signals fed into the logic control circuit. The optical output from the MRM is equally split by a
50:50 splitter, with one path directed to the monitoring PDs for thermal stabilization and the other
serving as the output to subsequent OLGs. For NAND functionality, all four input signals and
their corresponding PDs are used. In contrast, for the optical inverter configuration, only IN-A
and IN-A are active, while IN-B and IN-B do not receive any optical input. As a result, the logic
control circuit must be modified to handle all four optical input signals and generate the appropriate
NAND function. The following subsection provides a detailed explanation of the logic control

circuit design.
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Figure 3.3: (a) Schematic of the designed cascadable optical NAND gate, and (b) micrograph of the
fabricated PIC featuring a double-bus MRM, integrated PDs that receive optical input signals for
logic control circuit, and monitoring PDs used for implementing the thermal control circuit.

3.1.3 Logic Control Design

The logic control circuit plays a critical role in interfacing the PIC with the electrical domain
by converting photocurrents from on-chip PDs into modulation voltages that drive the MRM. This
ensures accurate execution of optical logic operations. As shown in Fig. 3.3 (a) and (b), each
ring includes four PDs that detect complementary optical input pairs, enhancing signal integrity
and noise robustness. Upon reception, the PDs perform optical-to-electrical conversion, generating
a photocurrent proportional to the incident light intensity. As illustrated in Fig. 3.4, these pho-
tocurrents then serve as inputs to the logic control circuit for further processing. To convert the
photocurrent into a usable voltage signal, a simple resistor-based I-V conversion is employed. The
resulting voltages, corresponding to IN-A, IN-A, IN-B, and IN-B, are then available for further
signal manipulation.

The circuit employs a differential stage to subtract complementary voltage signals. This step
improves the signal-to-noise ratio and suppresses common-mode noise. The differential stage also
amplifies the resulting signal, ensuring it reaches the required voltage swing, which is needed for
the following stages. At the output of the differential stages, a CMOS inverter further amplifies the
signal. This inverter sharpens the transitions between logic levels and ensures the generated voltage

swings meet the necessary thresholds for logic operations.
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Figure 3.4: Schematic of the electronic circuit designed to control each optical NAND gate.

The amplified signals are then processed by an AND logic circuit, which executes the funda-
mental AND operation on the received inputs. This AND gate determines the final logic state based
on the optical input signals. This logic signal directly drives the MRM with a 0—5 V modulation
swing, shifting its resonant frequency and thereby controlling its transmission characteristics. Due
to the inherent inversion in the relationship between output power and modulation voltage, the mi-
croring itself functions as an optical inverter, assuming the controller locks on the right side of the
resonance. By combining the electrical AND gate with this optical inversion, the system success-

fully implements a NAND gate.

3.1.4 Power Transfer Characteristic, Optical Noise Margin, and Fan-out Measure-

ments

The standard method for measuring the VTC of a digital NOT gate involves sweeping the input
DC voltage from a low to high level while monitoring the corresponding output voltage. In the case
of the optical NOT gate, the measurement focuses on the differential optical output power versus
the differential optical input power. As described in previous sections, the optical NOT gate requires
complementary input signals. To characterize its behavior, one input power should be swept from

low to high, while the complementary signal should be swept simultaneously from high to low.
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Fig. 3.5 (a) illustrates the experimental setup used to measure the PTC of the optical NOT gate. To
generate the complementary optical signals, a signal generator (Keysight EDU33212A) was used
to apply a slow ramp signal to the PN junction of MRM1. The optical output powers from MRM1
generate complementary through and drop signals, which are then used as inputs for MRM2 (the
device under test).

The complementary through and drop powers from MRMI1 are directed to the internal PDs
within the PIC, and the resulting photocurrents are routed off-chip. The electrical part of the system
is implemented on the board. We used R¢c = 20k{2 as I-V conversion resistance to convert the
photocurrents into voltage signals. The difference between these converted voltages is represented
as Vin_pirr in Fig. 3.5 (a). A differential amplifier, followed by an inverter, is used to convert and
amplify the differential voltage into a single-ended modulation voltage (Vi,0q). Fig. 3.5 (b) shows
the VTC of the active electrical circuit (differential amplifier and inverter) and its corresponding
slope (V/V). The output of the electrical active circuit (Vi0q) is constrained by VDD (5 V) and
GND (0 V), with the maximum gain (slope) reaching approximately +907 V/V.

The modulation signal drives the main ring (MRM2), whose output powers are detected using
QPhotonics QPFD-200 PDs. These PDs convert the optical signals into electrical signals, which
are subsequently processed and monitored using conversion resistances. Fig. 3.5 (c) presents the
measured PTC, showing the differential optical output power versus the differential optical input
power, along with its corresponding slope (W/W). The maximum gain (slope) is approximately -
171 W/W. This measurement is performed at a temperature of 20 °C, with a CWL power of -6 dBm
(250 uW) and an operating wavelength of 1549.642 nm.

The conceptual circuit analyzed in the previous sections included I-V conversion resistance and
a unity-gain subtractor without any active gain circuits. To compare the measurement results with
the theoretical analysis, the effect of the active electrical circuit must be removed from the total
system gain. This is achieved by dividing the measured optical slope by the measured slope of
the active electrical circuit, yielding a system gain of approximately —0.18, as shown in Fig. 3.5
(d). This value remains stable across the transition region with a conversion resistance of 20k¢?2,
demonstrating the MRM’s linear behavior within this range. To achieve a minimum absolute system

gain greater than unity, excluding the contribution of active electrical circuits, a higher conversion
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resistance is required. The necessary resistance value is Rc, req, Meas = 20k§2 x (1/0.18) = 111k€.
This value represents the minimum required conversion resistance, extracted from measured data,
needed for the system to achieve a gain magnitude greater than 1, which is the condition for valid
logic-level operation without relying on additional active circuitry. This value defines the minimum
acceptable gain for regeneration; however, a gain magnitude of at least five is typical in electronic
logic gates. The required R was also calculated in Section 3.1.1 to be approximately 79 k€2, based
on the measured differential slope, insertion and splitter losses, and PD responsivity. As shown, the
measured and analytical results follow the same trend, although the absolute values differ due to

modeling approximations and experimental non-idealities.
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The ONM behavior of the optical NOT gate is illustrated in Fig. 3.6 (a), which shows the
optical inverter’s PTC with a CW input power of -6dBm (250 uW). This input power level is the
maximum achievable without inducing significant self-heating effects in the device [35, 36]. The
full input power range, from approximately -32 uW to 32 uW, is depicted along the x-axis. The

ONMs extracted from this curve are ONM; = 32 W and ONMy = 31.4W .
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Figure 3.6: (a) optical inverter PTC at a CW input power of —6 dBm, showing the full input range
and extracted ONMs. (b) PTC of the optical inverter under different CW input powers, illustrating
the decrease in output amplitude with reduced input power. And (c) corresponding slope variations
of the inverter response as a function of input power, highlighting the reduction in gain at lower

powers.
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Fig. 3.6 (b) and (c) present the optical inverter’s PTC and corresponding slope variations under
different input CW powers. As observed, reducing the CW power results in a decrease in both the
amplitude of the differential output power and the overall system gain. This reduction also affects
the ONMs, which scale down proportionally with the available power swing. Specifically, for an in-
put power of -9 dBm (125 uW), the extracted ONMs are ONM, = 16.5 W and ONMpy = 15.7W,
while for -12 dBm (62 uW), the ONMs further decrease to ONMy = 8.1 W and ONMy = 7.7W.
At an even lower input power of -15 dBm (36 uW), the ONMs drop to ONM; = 4.0 W and
ONMpy = 3.8 W. Because both the slope of the transfer curve and the peak-to-peak differential
output power reduce by nearly the same proportion, the ONMs decrease in magnitude but do not
shift away from zero at lower CW input powers. In other words, the points where the slope is
approximately -1 remain nearly aligned across different CW power levels. Although the ONMs
decrease with lower input power, the gate maintains stable transitions across the tested CW in-
put power levels, with the ONMs remaining sufficiently wide (relative to the corresponding power
swing) to support reliable logic operation in each measurement.

In logic circuit design, fan-in and fan-out are key parameters that affect scalability. In the
proposed OLG system, fan-in does not impose a significant limitation because multiple optical input
signals can be simultaneously applied to separate on-chip PDs. Additional PDs can be integrated
as needed to support more inputs, enabling scalable multi-input logic functions, such as NAND,
without introducing significant optical or electrical penalties. In contrast, fan-out is more restrictive,
as it depends on whether the differential optical output power from one OLG is sufficient to drive
the inputs of multiple subsequent gates. Specifically, the output signal must exceed the minimum
differential input power required by each receiving stage to ensure reliable logic-level transitions,
defined by the ONMs. While this limits scalability, the regenerative behavior of the cascadable
OLG, enabled by optical-to-electrical-to-optical (O/E/O) conversion, helps maintain signal quality
across stages by re-amplifying and reshaping the output.

Experimental results show that, with a maximum CW input power of -6 dBm (250 uW), the
differential optical output reaches 64 uW peak-to-peak. Additionally, the system remains opera-
tional with differential optical input power as low as 8 uW peak-to-peak, establishing a practical

lower bound for logic-level recognition. This suggests that a single OLG output can drive up to
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eight gates in parallel. More conservatively, considering potential variations and losses, a fan-out
of four remains feasible. This estimation avoids reliance on idealized noise models and reflects real
system behavior under practical conditions, indicating that the proposed OLG design can support
a fan-out of 4-8, depending on system margins, and highlighting its potential for scalable optical
logic networks.

It is worth noting that the electrical control circuit of the optical NAND gate shown in Fig. 3.4
shares the same foundational structure as that of the optical inverter in Fig. 3.5 (a), with the primary
difference being the inclusion of an additional electrical AND gate at the output. In the optical
NAND gate, when one input is held high, the expected PTC from the other input to the output
closely resembles the measured PTCs of the optical inverter presented in Fig. 3.5 (f). However, due
to the added electrical gain introduced by this extra stage, the optical NAND gate’s PTC is expected

to exhibit a sharper transition, i.e. a higher slope, compared to that of the optical inverter.

3.2 2x2 Optical Switch Design and Characterization

3.2.1 2x2 Switch based on Optical Combinational Logic

As shown in Fig. 3.7 (a), the 2x2 optical switch is designed using seven identical, cascadable
optical NAND gates. It operates with two differential optical input signals (IN-1 and IN-2) and a
differential optical select signal (SEL), which controls the switch’s behavior, determining whether
it functions in the bar state or the cross state. The PDs in the PIC convert the incoming optical
signals into electrical photocurrents, which are then used by the logic control circuits. These PDs
are wirebonded to the PIC’s PCB and interfaced with the logic control circuit through off-board
connections. In parallel, all MRMs in the system are powered by a single CW laser source, which
is split into seven optical paths, each independently tuned to its operating wavelength using a dedi-
cated thermal control circuit. Once properly tuned, the combined action of the logic control circuit
and the MRM yields the intended differential optical signal for the subsequent NAND stage. Each
successive NAND gate performs the same sequence: optical detection via PDs, electrical processing

through the control circuit, and optical modulation via the MRM. This process repeats across the
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Figure 3.7: (a) Schematic of the designed combinational logic to perform a 2x2 optical switch
function, and (b) micrograph of the manufactured photonic integrated circuit.

logic network until the final outputs (OUT-1, OUT-2, and their complementary signals) are gener-
ated. Fig. 3.7 (b) shows the micrograph of the manufactured PIC. The SEL optical signal plays a
crucial role in determining the switch’s behavior. In the bar state, where SEL=1, IN-1 is directed to
OUT-1 and IN-2 to OUT-2. In the cross state, where SEL=0, IN-1 is routed to OUT-2 and IN-2 to
OUT-1. The truth table summarizing the switch behaviour is reported in Table 3.1.
Table 3.1: Truth table of the 2x2 optical switch
SEL | OUT-1 OUT-2 Switch state

Low IN-2 IN-1 Cross
High | IN-1 IN-2 Bar

3.2.2 2x2 Optical Switch Measurements

As illustrated in Fig. 3.8, the experimental setup for characterizing the 2x2 optical switch is de-
signed to ensure precise signal generation, modulation, detection, and monitoring. The device under
test (DUT) consists of a PIC, a logic control PCB, and a thermal control PCB. The PIC incorporates

the photonic elements of each NAND gate, including MRMs, their heaters, waveguides, PDs, and
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Figure 3.8: Experimental setup to perform the MRM, logic control and 2x2 switch measurements
including a CW C-band laser, DMLs, PCs, DAQ TS 15130 to generate the optical input logic
signals and monitor the logic control, the device under test (DUT) consisting of the PIC and PCB
logic control, QPhotonics QPFD-200 PDs, low-speed I-V conversion resistance in PCB, and an
oscilloscope.

grating couplers. Grating couplers on two opposing sides enable optical signal input and output.
The other two sides are wirebonded to the PIC’s PCB for electrical interfacing and are connected
via ribbon cables to the logic and thermal control PCBs.

A CW C-band laser serves as the primary optical source, providing the necessary power to
all MRMs via a 1x8 optical splitter. Additionally, directly modulated lasers (DMLs) (Modulight
ML1141) generate the modulated optical input signals. These lasers are controlled by a National
Instruments (NI) Data Acquisition System (DAQ) TS 15130, which generates the required mod-
ulation patterns. The modulated signals first pass through Thorlabs polarization controllers (PCs)
FPCO032 to ensure proper polarization alignment prior to entering the PIC. As illustrated in Fig. 3.8,
once inside the PIC, the optical signals available for switching include IN-1, IN-2, SEL, and their
corresponding complementary signals.

As mentioned earlier, electrical PCBs manage both logic control and thermal stabilization.
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The logic control circuit generates the electrical modulation signals required to implement the de-
sired optical logic functions within the 2x2 switch, ensuring correct operation of each MRM-based
NAND gate. The thermal control circuit locks each microring at the desired wavelength by main-
taining precise temperature conditions. A second DAQ system (NI DAQ TS 15100) monitors key

test points on both PCBs in real time, providing comprehensive data for system evaluation.
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The optical outputs, OUT-1 and OUT-2, are extracted after the modulated inputs pass through
the PIC. These outputs are detected using QPhotonics QPFD-200 PDs. The detected photocurrents
are then processed by I-V conversion resistances integrated into the logic control circuit. A Tek-
tronix oscilloscope is used to analyze the output signals and verify the switching behavior. The
complementary (drop) powers are estimated based on the measured through powers, the known be-
havior of the MRMs, and the operating wavelength specified in 4. As shown in Fig. 3.9, when
SEL is low (Diff-SEL = -25 uW), IN-1 is routed to OUT-2, and IN-2 is routed to OUT-1. When
SEL is high (Diff-SEL = +25 uW), the switch operates in a bar state, routing IN-1 to OUT-1 and
IN-2 to OUT-2. A difference in power levels was observed between OUT-1 and OUT-2. This imbal-
ance is primarily attributed to grating coupler misalignment and suboptimal polarization alignment,
though other factors such as splitter variations, waveguide crossing losses, and general system non-
idealities may also contribute. The droop observed in the blue traces of the output signals in Fig. 3.9
arises from the dynamic response of the thermal feedback control loop. In this scheme, the through
and drop port powers are averaged by low-speed TIAs (in the thermal control circuit), and their
difference is used to generate the error signal for the PID controller (see Chapter 2, Fig. 2.5). When
the time constant of the TIAs is comparable to or shorter than the unit interval (UI) of the operating
signal, the TIA output no longer represents a flat average of the through and drop port powers. In-
stead, it partially follows the data transitions, which distorts the error signal and introduces residual
thermal drift, observed as droop in the output traces. In the 2x2 switch demonstration, a unified
control setting was applied to all seven microrings, optimized for transitions at a minimum speed
of approximately 1 KHz. At lower speeds, the averaging becomes less accurate, and the droop be-
comes more significant. While this effect could be mitigated by individually tuning each microring
for slower operation, a unified configuration was chosen to streamline the testing process. Despite
this, the switch behavior remains stable, and the core functionality is clearly demonstrated.

As previously described, each MRM within the 2x2 optical switch receives its optical power
from the shared CW C-band laser through the 1x8 splitter, ensuring strong output signals. This
architecture enables intrinsic signal regeneration, preventing degradation across multiple cascaded

stages, which enhances scalability and reliability for optical computing applications.
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The experimental setup shown in Fig. 3.8 effectively integrated photonic and electronic compo-
nents, enabling accurate testing of the 2x2 optical switch. The DUT, consisting of the PIC, logic
control PCB, and thermal control PCB, was evaluated using DML-based signal generation, polar-
ization control, photodetection, I-V conversion, and real-time monitoring. Together, these elements
ensured high-fidelity signal transmission and reliable switching by ensuring proper polarization
alignment, minimizing signal degradation, and enabling accurate electrical control of the MRMs.

This demonstrated the system’s feasibility for advanced optical logic applications.

3.3 Conclusion

In this chapter, we have experimentally demonstrated an optical combinational logic circuit im-
plementing a 2x2 optical switch using cascadable NAND gates based on MRMs and electronic
logic control. The successful characterization and operation of this switch highlight the feasibility
of integrating optical logic circuits with photonic integrated circuits to perform digital optical signal
processing. Additionally, we presented characterization concepts such as the PTC and the ONM,
drawing direct parallels with well-established electronic logic gate metrics. These approaches pro-
vide a deeper understanding of the optical logic gate behavior and set the foundation for systematic
analysis and optimization of future optical logic circuits.

Beyond demonstrating fundamental functionality, our results show strong potential for digital
optical signal processing. Furthermore, the scalability of the architecture suggests that the approach
can be extended to higher-radix optical switches. The combination of design, experimental valida-
tion, and analytical methods paves the way for the development of more advanced combinational
optical logic circuits and scalable, high-performance photonic switching systems, which could play
a key role in the evolution of future optical computing and communication technologies.

Building on this demonstration, the next step is to implement a logic control architecture tailored
for high-speed operation and robust handling of data streams with highly unbalanced logical ‘1°/°0’
densities. While DAQ system and interconnect contribute to parasitics and delays, they are not
the main performance limiter. Achieving multi-gigabit operation with preserved signal integrity

will benefit from a bandwidth-optimized control circuit with enhanced regeneration capability and
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tolerance to varying input statistics. The design and implementation of such a CMOS-based logic

control circuit is the focus of Chapter IV.
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Chapter 4

Design and Tapeout of the Proposed
IC-Level Peak/Low Detector-Based

Logic Control Circuit

In logic gate applications, the output of one gate drives the input of the following stage, and
similarly, the input of a gate originates from the output of the preceding stage. This implies that
the input considerations of a gate are directly determined by the behavior of the preceding one.
Fig. 4.1 shows the schematic of a cascaded OLG in the case where the preceding gate is driven by
an unbalanced data pattern, meaning that the ratio of logical ‘1’s to ‘0’s deviates from 50

In this situation, the thermal control circuit of the preceding MRM locks the operating wave-
length at distinct points corresponding to each specific data density. As discussed in Chapter 2,
the thermal control loop operates by comparing the average optical powers at the through and drop
ports. With different logical ‘1° densities, these average signals shift: for example, when the density
of logical ‘1°‘s is 10%, the average signal is much closer to the low level, while at 90% density it is
much closer to the high level. Consequently, the error signal, defined as the difference between the
average through and average drop signals, reaches zero at slightly different wavelengths for each
density.

Fig. 4.2 shows the measured differential transmission (7 — T'p) at reverse bias voltages V1, =
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Figure 4.2: Measured differential transmission (I — I'p) as a function of reverse bias voltage V;y,
at 0 V and 1 V. The operating points corresponding to 10%, 50%, and 90% logical ‘1’ data densities
are highlighted.

0 V and 1V, illustrating how the locking points vary with data density and collectively form a range
of stable operating wavelengths rather than a single fixed point. This behavior results in different
effective input levels for the cascaded OLG depending on the statistical balance of the preceding
stage’s output.

Using the same MRM and thermal control system described in Chapter 2, Fig. 4.3 shows the
simulated photocurrent, provided by the preceding OLG, at the input of the logic control circuit for
data densities of logical ‘1’s ranging from 10% to 90%. This photocurrent, which appears at the

TIA input, is the same whether it drives the logic control block of an optical inverter or serves as one
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input to the logic control block of an optical NAND gate. It is also important to note that this figure
does not capture the transient behavior or the settling process when transitioning between different
densities; instead, it highlights the distinct photocurrent levels associated with each input density.
This simulated photocurrent is obtained by multiplying the differential optical output power of the
microring (Through — Drop) by the responsivity of the PD, assuming a CWL power of -6 dBm, an
insertion loss of 2 dB, along with a 90:10 splitter following the microring, a PD responsivity of 0.8
A/W, and a modulation voltage V},,,q ranging from 0 to 1.2 V.

As explained in Chapter 2, conventional receivers typically employ DCOC circuits to compen-
sate for the DC level of input current and align the signal level with the threshold of the logic circuit
to ensure correct decision making. These circuits operate based on the average value of the input
signal. This approach works well in high-speed modulators used in optical transceivers, where data
streams are typically balanced (e.g., 50% logical '1’s and ’0’s), ensuring that the average corre-
sponds to the correct DC level. However, in optical logic gate applications, input patterns can be
highly unbalanced, causing the average level to deviate significantly from the actual logic threshold.
For example, a data stream with 10% logical ’1’s produces an average much closer to the low level,
while a 90% 1’ stream pushes the average near the high level. As a result, conventional DCOC
mechanisms fail to provide proper compensation, leading to misaligned logic levels at the input of
the stages and a degraded signal-to-noise ratio (SNR). In [25], a solution was proposed that incor-
porates feedback from the output voltage of the logic control circuit to dynamically regulate the

thermal loop, but it adds complexity and tight coupling to the logic control circuit.
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Figure 4.3: Simulated photocurrent at the input of the logic control circuit of the cascaded OLG for

densities of logical ‘1’s ranging from 10% to 90%.

This chapter introduces a logic-aware circuit that does not modify or control the thermal locking
point. Instead, it enables correct logic operation by properly compensating the input DC current,
even when the thermal control circuit operates within a locking range, instead of the locking point,
due to unbalanced data. The proposed design is capable of handling a wide range of input data den-
sities, from 10% to 90% logical ‘1’s, and ensures correct functionality without requiring changes
to the existing thermal controller. The overall architecture of the proposed IC-level logic control
circuit is shown in Fig. 4.4, which includes the main building blocks: a TIA, MAs, a peak/low
detector-based OC, and a final logic function block. In the following sections, system-level design
considerations are first discussed. Then, the structure and biasing of PDs are presented, followed
by a detailed description of each circuit block, including design considerations, post-layout simula-

tions, and integration strategies to ensure correct functionality.
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Figure 4.4: Block diagram of the proposed IC-level logic control circuit.

4.1 Design of the Proposed Peak/Low Detector-Based Logic Control
Circuit

As discussed in the preceding sections, the proposed logic control circuit processes optical input
signals to generate the required modulation voltages for the MRM. To ensure correct functionality,
key system-level requirements, including signal level expectations, gain requirements and distribu-
tion, and the necessary bandwidth and data rate, must be clearly defined and satisfied.

Assuming a CWL input power of -6 dBm (250 uW), a 90:10 splitter following the microring,
a modulation voltage range of 0 — 1.2 V, and including an additional 2 dB insertion loss in the op-
tical path, and using the characterized differential output power versus Vji, relationship shown in
Fig. 2.7 (b), the differential optical power received on the PDs of the following OLG is approx-
imately 35 ©W. With a PD responsivity of R = 0.8 A/W, this corresponds to a photocurrent of
approximately 28 pA.

To meet the target end-to-end optical gain of 10 W/W (as defined in Chapter 3 as the ratio of
differential optical output power to differential optical input power), the following relationship is

used:

d Pou-pift

— 36
T (36)

Pounitt = Pin-pitt - Bpp * Gelec -
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Gelec is the electrical gain, and % is the slope of the optical differential output power versus
Vmod- Under the specified conditions, this slope is approximately —28.44 pW/V.

Solving the above equation for the desired optical gain yields an electrical gain requirement of
approximately 440 k2 for the logic control circuit.

Separately, to ensure that a voltage swing of at least 400 mV is presented at the input of the
NAND gate, the analog front-end must provide a transimpedance gain of approximately 14.3 k{2
(400 mV / 28 pA). The receiver achieves the required gain through a combination of a front-end
TIA and a multi-stage MA. The TIA is designed to provide a configurable transimpedance gain in
the range of 100-200 2, depending on the selected feedback resistance. The MA stages further
amplify the signal with a configurable voltage gain ranging from approximately 75 to 150.

Final logic-level restoration is performed by a NAND gate followed by an inverter, which
together contribute an additional gain factor of approximately 30, resulting in a combined tran-
simpedance gain of 400-440 k{2 at the output of the logic control circuit.

The design target was a propagation delay of approximately 100 ps for a single gate. In syn-
chronous cascaded logic, the maximum practical clock frequency is typically several times lower
than the inverse of the propagation delay, allowing margin for setup time, clock skew, and other
timing uncertainties [37, 38]. Using a factor of 5-10 gives a practical synchronous range of roughly
1-2 GHz. By designing for a speed above this range, the circuit maintains robust operation across
varying conditions and preserves headroom for potential higher-speed or asynchronous use. Specif-
ically, the design goal was set to support 8—10 Gbps operation.

While this target data rate can be supported with a bandwidth of roughly 5-7 GHz, the schematic-
level design included additional bandwidth margin. The TIA and MA stages were dimensioned to
exceed the minimum requirement so that, after expected degradation from parasitic capacitance and
resistance introduced during layout, post-layout performance would remain comfortably within the
limits required for the intended operation.

In addition to high-speed operation, the circuit supports low-speed testing down to 100 Mbps,
enabling functionality verification with low-cost test equipment and facilitating easier debugging

and signal monitoring.
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4.1.1 Subtractive PD Pair Structure

Fig. 4.5 shows the subtractive PD pair structure implemented in this work. Subtractive PDs are
widely used in high-speed optical communication due to their ability to suppress common-mode
signals and noise. This structure typically consists of two PDs arranged such that their photocur-
rents are subtracted, producing a bidirectional output current that corresponds to the optical signal
difference.

In the context of the proposed logic system, the subtractive Structure serves two key purposes.
First, it enables accurate detection of differential optical signals that represent logical states. Second,
it improves robustness against power intensity changes by canceling the DC level of the photocurrent
and producing a bidirectional signal. When the input data are balanced (e.g., 50-50), this signal is
symmetric around zero. For unbalanced data, it still swings positive and negative but with a shifted
baseline. While the proposed DC offset compensation circuit (detailed in the following sections)
is still required, the reduced compensation range eases its design. As a result, each gate receives
an input current that remains closer to the ideal centered level, which is particularly beneficial for
cascaded optical logic configurations. In addition, using this configuration eliminates the need
for two separate pads in both the PIC and the logic control IC, as well as the need for a dedicated
electrical subtraction stage in the logic control circuitry. The resulting bidirectional current is further
processed by the logic circuit described in the following subsections to generate the corresponding
electrical modulation signal.

Considering a DC voltage of approximately Vpp /2 at the input of the TIA, as will be discussed
in the following subsection, and taking into account the need for a reverse bias of around 2 V across
each PD, the subtractive PDs are connected to two bias voltages: Vpias1 = 2.5V and Vyjper =

—15V.
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Figure 4.5: Subtractive PD Pair structure.

4.1.2 TIA Design

In the proposed logic control circuit, a conventional inverter-based TIA with shunt feedback
is employed, as shown in Fig. 4.6. As mentioned in the previous section, this TIA is driven by a
subtractive PD pair structure that generates a bidirectional input photocurrent Iy, pigs. The effective
input capacitance, denoted C',, includes contributions from both PDs, the associated pad parasitic,
and the electrostatic discharge (ESD) protection structures. Following the design principles outlined
in [31], the sizes of the NMOS and PMOS transistors in the inverter are chosen to be equal in order
to maximize the total transconductance, g, = gm1 + gm2 for a given transistor input capacitance.

Based on the equations presented in Section 2.3.1 and the parameter sweeps performed during
the design process, a fundamental trade-off emerges: increasing the feedback resistor Ry enhances
gain but reduces bandwidth and increases signal delay. Increasing the transistor size (1¥/L) mod-
erately improves gain but also raises power dissipation and affects bandwidth in a non-monotonic
way. Moderate upsizing can initially extend bandwidth through higher transconductance, but further
increase in size raises input capacitance and ultimately reduces bandwidth.

Considering these trade-offs, the transistor sizes were selected as W/L; = W/ Ly = 20 um/60 nm.

To provide reconfigurability in the TIA gain, enabling adaptability for different use cases, a T-gate
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switching mechanism was implemented in the feedback path. This allows the total feedback resis-
tance to be configured as Rp = 150 €2, 250 €, or 350 €2, where Rp = Rgwitch + R, and the switch
resistance Rgyitch 1S approximately 90 €2, as will be explained in the following paragraph. The same
T-gate switch structure will also be used in other parts of the circuit, such as the MAs, as described

in the following sections.

IppT - IpyD
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Figure 4.6: Schematic of the inverter-based TIA with selectable feedback resistors using a T-gate

switching network.

Although the T-gate switch control voltages (Vi and V) are fixed at 0 V or 1.2 'V, the signals
passing through the switch can vary over a wide voltage range, especially in the MAs and buffers. To
ensure that the on-resistance remains relatively constant across this range, the PMOS device is sized
approximately 3.5 times wider than the NMOS. This sizing ratio was determined through param-
eter sweeps during the design process to balance the conductance contributions of both transistors
across the full signal swing. Fig. 4.7 illustrates the simulated on-resistance of the T-gate switch for
W/Lpmos = 3.5 x W/Lnmos = (7 x 2 um)/60nm, as a function of the signal voltage varying
from 0 to 1.2 V. The previously reported switch resistance of approximately 90 {2 corresponds to this

specific transistor sizing. While larger transistor sizes could further reduce the switch on-resistance,
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they would also introduce greater parasitic capacitance, which in turn degrades the bandwidth of the
circuit. In this design, since the switch appears in series with a physical resistor, a moderately high
on-resistance is acceptable. The total resistance can be adjusted accordingly by slightly reducing the

physical resistor value to maintain the desired overall resistance without compromising bandwidth.
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Figure 4.7: Simulated small-signal on-resistance of the T-gate switch with optimized transistor
sizing, showing a relatively constant resistance over the 0 — 1.2 V signal range. The x-axis represents

the DC voltage applied to both terminals of the switch.

Fig. 4.8 presents the simulated AC response for each of the three gain settings. Each case
corresponds to one of the feedback switches being closed, resulting in a different total feedback
resistance. The TIA configurations with feedback resistances of 150 €2, 250 €2, and 350 §2 exhibited
transimpedance gains of 103.7 €2, 187 €2, and 271.1 €2, respectively, and corresponding -3 dB band-
widths of 20.18 GHz, 15.95 GHz, and 13.08 GHz. As expected, higher gain configurations exhibit

lower bandwidths, clearly demonstrating the gain—bandwidth trade-off imposed by the feedback

resistance.
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Figure 4.8: simulated AC response of the reconfigurable TIA for three different feedback resistance

settings.

4.1.3 MA Design

Fig. 4.9 shows the schematic of the three-stage Cherry—Hooper MA used in the proposed system.
This amplifier topology is used as the main amplification block following the TIA to increase the
signal level to values detectable by subsequent logic circuitry. This circuit is chosen because its
complex-conjugate pole pair produces mild gain peaking, thereby extending the -3 dB bandwidth
beyond that of cascaded single-pole stages. Furthermore, the second stage of the circuit uses a shunt
feedback TIA for current-to-voltage conversion while providing a lower effective output resistance
compared to a purely resistive load. The resulting decrease in output RC time constant contributes
to additional bandwidth improvement [31].

Similar to the TIA, the design of the MA involves key trade-offs that were explored using both
analytical equations from Chapter 2 and parameter sweeps during the design process. These trade-

offs include:

* Increasing the transistor size (WW/L) improves gain but increases power dissipation and can

reduce bandwidth.
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* Increasing the feedback resistance Ry;a improves gain but also increases delay and decreases

bandwidth.

* Increasing the number of stages for fixed per-stage gain, increases the overall gain, but at the

cost of higher power dissipation, increased delay, and reduced bandwidth.

To maintain compatibility with the TIA output while improving power efficiency, all transis-
tors in the MA are sized equally for NMOS and PMOS as W/L = 16 um/60 nm, slightly smaller
than those in the TIA, primarily to achieve a modest reduction in power dissipation without com-
promising the gain. Furthermore, to enable configurable gain operation, the same T-gate switching
mechanism is integrated into the feedback resistors of each stage, similar to the approach used in
the TIA. The total feedback resistance can be configured as Rya = 200 €2, 350 €2, or 450 €2, where
Rya = Rwiteh + R{w A» and the switch resistance Rgywiich is approximately 90 2. This flexibility
allows the MA to adapt to varying signal conditions and system-level requirements.

After exploring different stage counts and their impact on performance, a three-stage Cherry-
Hooper configuration was selected to achieve the necessary gain and output amplitude for generating

logic-detectable signals at the next stage of the circuit.
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Figure 4.9: Schematic of the three-stage Cherry-Hooper main amplifier.

To assess the frequency response of the amplifier, Fig. 4.10 (a) presents the simulated AC per-

formance for three different feedback resistance settings. For single-stage operation, the simulated
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voltage gains for feedback resistances of 200 €2, 350 €2, and 450 €2 were 4.37, 5.74, and 6.7, respec-
tively, with corresponding -3 dB bandwidths of 22.45 GHz, 19.2 GHz, and 17.76 GHz. In addition,
as shown in Fig. 4.10 (b), when three identical MA stages were cascaded, each configured with

Ryia = 200 €, the overall voltage gain increased to 83, while the -3 dB bandwidth was reduced to
12.38 GHz.
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Figure 4.10: (a) Simulated AC response of the MA for different feedback resistance settings. (b)

Combined response of the full three-stage MA with Rya = 200 €2 in all stages.

4.1.4 Proposaed DC Offset Compensation (DCOC) Design

As discussed in Chapter 2, conventional DCOC circuits typically employ a low-pass filter to
extract the average voltage at the output of the MAs. This average serves as an estimate of the signal
level and is used to generate a compensation current that adjusts the input photocurrent accordingly.
The objective is to shift the output signal level toward the inverter’s threshold voltage, ensuring
correct logic evaluation.

However, what truly matters for effective DC offset compensation is not the average voltage
itself, but the voltage that lies exactly between the high and low logic levels, referred to here as the

middle point. When the input data stream has a balanced 50-50 ratio of logical ‘1’s and ‘0’s, the
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middle point coincides with the average voltage. But under unbalanced data conditions, the average
deviates from the true middle point, leading to incorrect compensation if conventional methods
are used. As illustrated in Fig. 4.11, the proposed compensation scheme replaces the conventional
averaging-based approach with a peak/low detector-based DCOC circuit that accurately identifies
both the high and low levels of the signal. A peak detector captures the maximum voltage (logic
high), while a low detector tracks the minimum voltage (logic low). The middle point is defined as
the average of these two voltages, not the average of the entire signal. It represents the true center
between logical ‘1’ and ‘0’ levels, regardless of input data density, and must be aligned with the

threshold of the logic circuit to ensure correct decision making.
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Figure 4.11: Block diagram of the proposed logic control circuit with accurate peak/low detector-

based DCOC.

Using peak and low detectors to find the reference voltage is a well-known approach originally
developed for burst-mode receivers, where it is typically implemented in a feed-forward path to de-
termine a reference level for single-ended-to-differential circuits or decision circuits. This approach
is also effective for compensating offset and mismatch within a single stage. However, if used across
multiple stages, separate detector circuits must be employed in each stage. In burst-mode systems,
the data arrives in short packets with unpredictable amplitudes and DC offset. In such scenarios,
conventional averaging-based DCOC becomes ineffective due to limited observation time, so peak
and low detectors offer fast reference extraction, enabling reliable detection even for short bursts
[39, 40].

While the peak/low detection concept was originally developed for fast initialization in burst-

mode systems, typically in a feed-forward configuration for static reference generation, we employ it
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in a continuous feedback configuration, integrated with conventional DCOC, to regulate and center
the output signal. Instead of directly setting the reference level for slicing or signal conversion, we
use the middle point to generate a compensation current, which shifts the signal toward the inverter’s
threshold voltage. This approach enables effective compensation for varying densities of ‘1’s and
‘0’s in the input signal, static offsets in the input photocurrent, and accumulated mismatches and
offsets across the TIA and all stages of the MAs. In contrast to feed-forward schemes, which would
require a separate detector at each stage to remove all non-idealities, the feedback configuration

provides unified compensation across the entire receiver chain.

Peak Detector (PKD) Design

This part presents the design of the PKD. The low detector (LWD) circuit follows a complemen-
tary structure and functions analogously, forming the second half of the envelope detection system
used in the proposed DCOC block.

Fig. 4.12 shows the high-level schematic of the peak detector circuit. The peak detector is im-
plemented using a comparator-based structure that continuously tracks the highest voltage reached
by the input signal. The input is connected to the inverting terminal of the comparator, while the
stored peak voltage, Vjeax, is fed back to the non-inverting terminal. The comparator output drives a
PMOS pass transistor. When the input signal exceeds the current Ve, the comparator output goes
low, turning on the PMOS and charging the capacitor to this new maximum. When the input falls
below Vjeax, the comparator turns off the PMOS, isolating the node and holding the voltage. A large
capacitor at the peak node provides stable storage, while a high-value resistor in parallel introduces

a slow decay mechanism to enable long-term adaptability.
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Figure 4.12: High-level schematic of the PKD circuit.

In this design, the sizing of the storage capacitor C and the parallel resistor R is critical to the
overall performance of the circuit. Two key factors guide their selection: tracking speed and decay
time.

Tracking speed defines how rapidly the peak detector can follow a rising input voltage. Assum-
ing an ideal comparator with instantaneous switching, the PMOS pass transistor turns on as soon as
Vin > Vpeak. For most of this period, the PMOS operates in the triode region and can be modeled by
its on-resistance R,,. The capacitor charging behavior is then governed by:

d‘/peak 1 ‘/peak
S rpeak VDD — Vieur) —
dt RonC ( peak ) RyC

(37

where R7 denotes the effective resistance formed by the parallel combination of the PKD resistance
R and the DCOC resistance Rpcoc. The latter corresponds to the following stage in the circuit and
will be explained in detail in the next section. From this relationship, it is evident that smaller values
of C lead to faster tracking, which is beneficial when the input signal changes rapidly. However,
this must be balanced against other factors, such as noise immunity.

The decay mechanism is controlled by the parallel resistor R, which allows Vpeak to slowly
decrease over time when no new peak is detected. In the absence of a charging current, the node
discharges approximately as:

dVpeak Vpeak

dt  RgC (38)

75



This exponential decay behavior is characterized by the RC time constant. While faster decay
(smaller RC) may not pose a problem at high data rates, it becomes a concern during low-frequency
testing scenarios. For robust and flexible testing, especially in low-speed operation, a longer decay
time is preferred, which requires a larger RC time constant. During tracking, the capacitor is charged
from VDD through the PMOS on-resistance R,,. Although the large RC discharge path to ground
is still present, its much longer time constant makes its effect negligible in this phase. As a result,
tracking is inherently faster than decay. Therefore, in practice, it is the decay behavior, not the
tracking speed, that imposes the dominant timing constraint on the design.

As mentioned, a larger C (and R) ensures long-term peak retention and greater noise immunity.
However, this comes at the cost of increased silicon area. Moreover, if the decay is too slow, the
detector may fail to adapt to significant shifts in the signal envelope. The final values of R and C
are selected to meet these constraints while respecting layout limitations. Based on the area budget,
C = 10pF and R = 1M are chosen to provide adequate discharge behavior and support lower-
frequency operation.

As mentioned earlier, the comparator in the peak detector is required to determine when the
input signal slightly exceeds the stored peak voltage. To ensure reliable detection under small
voltage differences and rapid transitions, the comparator must exhibit high gain and fast response.
High gain enables accurate comparison even when the voltage difference between V;, and Vieax is
small, while high speed ensures correct operation under fast-changing input conditions. Fig. 4.13
shows the schematic of the custom two-stage comparator designed to meet these requirements. The
comparator operates in continuous-time and directly drives the gate of the PMOS pass transistor in

the peak detector.
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Figure 4.13: Schematic of the two-stage comparator used in the peak detector.

The first stage of the comparator is a differential amplifier with cross-coupled PMOS transistors
that introduce regenerative feedback. This feedback increases the gain and sharpens the transi-
tion, improving sensitivity to small input differences. To achieve high transconductance and ensure
the input pair dominates the behavior, the NMOS transistors are sized significantly larger than the
PMOS devices. Specifically, the NMOS input pair uses W/L = 4 x 5.4 um/60 nm, while the
cross-coupled PMOS devices are sized at W/L = 4 x 1 um/60nm. This sizing ratio, where the
PMOS width is approximately 5.4 times smaller, limits the strength of the regenerative loop (keeps
the feedback moderate), ensuring continuous and stable operation. The bias current is chosen to be
850 A to provide sufficient transconductance for high-speed operation while maintaining a mod-
erate power budget.

As shown on the right side of Fig. 4.13, the second stage consists of two symmetric inverters,
each with an additional NMOS gating transistor inserted in series with the pull-down path. All
transistors in this stage are equally sized with W/L = 4 x 1.8 yum/60 nm. The differential outputs
of the first stage are fed into the inputs of two inverters, whose outputs serve as the final com-
parator signals. A key feature of this design is the cross-gating configuration: the output of each
inverter controls the gating NMOS of the opposite inverter. This cross-coupled structure introduces
a regenerative feedback mechanism.

When the input of the second stage changes, one inverter, whose gating NMOS is already en-

abled, begins to switch; its output transitions high, which in turn enables the gating NMOS of the
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opposite inverter. This activation completes the pull-down path on that side, allowing the second
inverter to switch in the opposite direction. The cross-coupled feedback reinforces the transition
and ensures a fast, decisive output swing. The gating NMOS devices also help prevent either in-
verter from responding to small or noisy differential inputs, thereby enhancing noise immunity and
reducing static power dissipation.

Although this architecture introduces a slight delay, since the initial transition must partially
occur before the opposite side is activated, it does not significantly impact the comparator’s overall
speed. Once switching begins, the regenerative mechanism rapidly drives the output to its final
logic level. One minor drawback is that the low output voltage may not reach a perfect 0 V due to
the series gating NMOS, especially if it is weakly driven. However, this is acceptable in the given
application, as the comparator output controls a PMOS transistor in the following stage, where
achieving a strong logic high is more critical for proper turn-off behavior.

A comprehensive set of simulations was conducted to validate the functionality, responsiveness,
and stability of the stand-alone comparator and the complete PKD circuit. To emulate actual circuit
conditions, the comparator is tested using an input configuration that reflects its role inside the
PKD. Specifically, the positive input is fixed at a constant DC voltage, representing the stored peak
voltage in the PKD, while the negative input is varied to simulate real-time signal conditions. For
the majority of the simulations, a value of 700 mV is selected as a representative peak voltage. It
should be noted that any other reasonable value consistent with expected peak levels could be used.

Fig. 4.14 shows the output of the stand-alone comparator under a fine-resolution DC sweep.
As mentioned, the positive input is fixed at 700 mV, while the negative input is swept from 697
mV to 703 mV. The goal of this simulation is to evaluate the switching point, ensure the output
transitions cleanly, and verify that no flat or ambiguous region exists near the threshold, conditions
which could otherwise suggest metastability. As shown, the transition is sharp, continuous, and
stable, confirming that the comparator responds decisively to small differential inputs, with a clean

switching characteristic and no signs of instability.
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Figure 4.14: DC sweep of the stand-alone comparator, showing a sharp switch near 700 mV.

Fig. 4.15 (a), (b), and (c) show transient simulations of the comparator under various differential
input step sizes, each applied with a fast 10 ps rise time. These tests evaluate dynamic behavior,
regeneration speed, and overall stability across different input amplitudes.

As shown in Fig. 4.15 (a), the first case applies a differential step of 2 mV, pushing the com-
parator to its sensitivity limit. Despite the minimal input swing, the output transitions fully within
approximately 1.5 ns, and no signs of metastability or hesitation are observed. This confirms that
the comparator remains responsive and stable even under extremely small-signal conditions.

The second case uses a 30 mV step. As shown in Fig. 4.15 (b), the comparator responds within

0.8 ns, with a sharp and clean output transition. No overshoot, ringing, or output fluctuations are

observed.
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Figure 4.15: Transient response to: (a) a 2 mV input step, (b) a 30 mV input step, (c) a 400 mV

input step. (d) Overdrive recovery test.

The final test, shown in Fig. 4.15 (c), applies a 400 mV differential step to assess behavior under
overdrive. The output switches in less than 100 ps, and again, the transition is smooth and without
any oscillations. Across all cases, from sub-millivolt steps to large swings, the comparator exhibits
clean transitions, no overshoot, and no oscillatory artifacts. These results collectively confirm that
the design is dynamically stable, with a regenerative feedback that accelerates switching with larger

input overdrive, making it well-suited for high-speed logic applications.
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Fig. 4.15 (d) shows the result of an overdrive recovery test designed to evaluate whether the
comparator experiences memory effects, hysteresis, or degraded regeneration behavior after be-
ing driven into saturation. In this simulation, a large differential input is first applied by setting
Vin+ = 800 mV and holding it constant for 3 ns, fully saturating the output. At the 3 ns mark, the in-
put transitions to small-swing differential signals (3 mV) to observe whether normal regeneration
resumes. As shown, the comparator output correctly saturates during the overdrive phase, and then
immediately returns to full logic-level transitions once the small-signal inputs are applied. There is
no evidence of latching, residual memory, or metastability. In addition, the three full output transi-
tions observed in response to the £3 mV input swings confirm that the comparator does not exhibit
any noticeable hysteresis under these conditions.

As illustrated in Fig. 4.16 (a), To validate the overall behavior of the full PKD loop under
realistic input conditions, a transient simulation was performed using a triangular waveform as the
input signal. The full PKD loop was connected, including the comparator, PMOS pass transistor,
storage capacitor, and discharging resistor. The goal of this test was to verify whether the stored
peak voltage Vjeax updates correctly during input ramps and holds its value during falling slopes.
The comparator output switches only once per input peak and maintains a stable state throughout
the hold phase. Additionally, no overshoot or oscillation was observed at the peak node. To further
assess robustness, the triangle input was later replaced with a constant voltage. As expected, the
stored peak voltage remained stable throughout the test. Furthermore, Fig. 4.16 (b), plotted on
a longer time scale, shows the decay of the PKD output when the new peak is lower than the
previously detected voltage. As illustrated, Vjeax decreases until it reaches the new peak level and
then remains constant. These results demonstrate the correctness and stability of the complete peak

detector in both dynamic and static conditions.
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Figure 4.16: Full PKD simulation with a triangular wave input: (a) tracking and hold operation; (b)

decay and detection of a new peak.

Low Detector (LWD) Design

To complement the envelope detection mechanism, a Low Voltage Detector (LWD) is imple-
mented using a symmetric architecture to track the minimum voltage level of the input signal. Like
the PKD, the LWD continuously monitors the signal envelope and updates its stored voltage, Viow,
whenever a new minimum is observed.

Fig. 4.17 shows the high-level schematic of the LWD. The circuit operates in a complementary
manner to the PKD. Specifically, the input signal is applied to the inverting input of a comparator,
while the stored low voltage Vj,y is fed to the non-inverting terminal. When the input drops below
Viow, the comparator output transitions high, turning on the NMOS pass transistor. This allows the
capacitor to discharge and follow the new minimum. Once the input signal starts to increase again,
the comparator output goes low, turning off the NMOS and isolating the low-voltage node. A high-
value resistor in parallel with the capacitor introduces a slow upward decay, allowing the LWD to
gradually adapt to long-term shifts in signal baseline. A slow RC decay causes Vo to rise over

time in the absence of new minima. Together, the PKD and LWD define a dynamic envelope of the
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input signal, from which the middle point is calculated and used for DC offset compensation.

VDD

P>

Figure 4.17: High-level schematic of the LWD, complementary to the PKD.

The sizes of the storage capacitor and discharge resistor used in the LWD are identical to those
used in the PKD circuit, specifically C' = 10pF and R = 1MJ¢), to maintain consistent timing
characteristics and ensure symmetrical envelope tracking.

Fig. 4.18 shows the schematic of the comparator used in the LWD. Its structure is flipped relative
to the PKD comparator because the LWD must detect minima rather than maxima. In this orien-
tation, the PMOS transistors serve as the input devices of the first stage, which is particularly ad-
vantageous since they operate effectively with low input signals. This complementary arrangement
ensures proper low detection while preserving symmetry in gain, speed, and switching behavior

across both detectors.
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Figure 4.18: Schematic of the comparator used in the LWD circuit. It follows the same structure as

the PKD comparator but with complementary devices.

Middle-Point Based DCOC Integration

As shown in Fig. 4.19, the detected peak and low voltages from the PKD and LWD circuits,
rather than the main signal, are provided as inputs to a conventional DCOC block. As described in
Chapter 2, this block functions as an integrator that produces a correction signal based on the error
between a reference voltage and the DCOC input. In this implementation, the input to the DCOC
is the average of the peak and low voltages—that is, the dynamically tracked middle point of the
signal envelope.

The DCOC circuit integrates this error over time and produces a compensation signal that con-
trols the gate of a transconductance inverter in the next stage. This inverter adjusts the bidirectional
input current delivered to the TIA, effectively shifting the TIA’s DC operating point toward the
desired region (typically near the inverter threshold voltage), enabling proper logic-level detection
even under highly unbalanced input data.

The current injected into the integrator stage is calculated based on the difference between the

reference voltage and both detected peak and low voltages:

Vref - Vpeak + Vref - Viow _ Vref - Vmid
R R R/2

Iint = (39)

Here, Viyiq is the middle point of Vjeax and Viow, representing the true center of the signal’s
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logic swing. This expression ensures that the integrator reacts to deviations of the signal midpoint
from the reference and provides a stable long-term correction that adapts to both static offsets and
dynamic changes in input conditions. The integrator uses R = 1 M2 resistors and a capacitor of
C = 10 pF. These resistors form high-impedance DC paths from Vjea and Viey to the integrator
input at Vir, allowing the DC-level information to be extracted without significantly loading the

previous stages or disrupting integration behavior.
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Figure 4.19: Proposed DCOC block.

4.1.5 NAND Gate and Output Inverter Design

As described throughout this chapter, the proposed logic control circuit includes all necessary
building blocks to realize an optical receiver capable of processing unbalanced input data while
ensuring correct signal restoration and centering. Referring back to the system-level diagram in
Fig. 4.4, two such receiver chains are employed, one for each optical input signal, resulting in the
generation of clean and amplified electrical signals, labeled Out 4 and Outp, suitable for further
digital processing.

To implement a NAND logic function, a simple static CMOS NAND gate is constructed using
the outputs Out 4 and Outp as inputs. The schematic of the NAND gate followed by a CMOS
inverter is shown in Fig. 4.20. The inverter is used to invert the output and restore full rail-to-rail

logic levels, thereby ensuring reliable driving capability for the MRM.
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Figure 4.20: Schematic of the electrical NAND gate followed by an inverter.

While this electrical combination yields a digital AND function at the output, it is essential to
consider the optical inversion characteristic of the MRM used in the following stage. As discussed
in Chapter 3, due to the inverse relationship between the output optical power and the modulation
voltage, the MRM effectively acts as an optical inverter, assuming the thermal controller locks the
operating point on the right side of the resonance. By utilizing this property, the electrical AND
output effectively drives an optical inverter. The final result is a functional NAND logic gate in the
electro-optical domain.

In the logic chain, the MA stage preceding the NAND gate is implemented with identical PMOS
and NMOS dimensions. The inverter that follows the NAND gate also uses a symmetric configura-
tion, with both transistors sized at W/ L = 10 x 2 pm/60 nm. This uniform sizing helps maintain a
consistent switching threshold across the circuit and ensures reliable modulation of the MRM.

The NAND gate was initially sized in the schematic following standard CMOS design princi-
ples. To compensate for the increased resistance of the stacked NMOS transistors in the pull-down
network, each NMOS was sized at W/L = 20 x 2 um/60 nm, which is twice the width of the
NMOS used in the subsequent inverter. The PMOS pull-up transistors, which are not stacked, were
sized at W/L = 10 x 2 um/60 nm, the same as the PMOS width of the following inverter stage.

However, post-layout simulations revealed that the DC output level of the preceding receiver
stages was slightly lower than in the schematic. This discrepancy may be attributed to layout-
related effects such as parasitic coupling and localized voltage drop due to resistance in the on-chip

power grid. As a result, the input to the NAND gate’s PMOS transistors experienced an increased
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source-gate voltage (Vsg), making the pull-up network comparatively stronger than intended.

To preserve balance and avoid further degradation in speed due to increased parasitics, the
NMOS sizing was left unchanged. Instead, the PMOS width was reduced to W/L = 5x2 ym/60 nm.
This adjustment reduces the pull-up strength, compensating for the lower input midpoint. As a con-

sequence, small glitches and slight asymmetry between the rise and fall times may occur.

4.2 Post-Layout Simulation Results

Fig. 4.21 shows the layout of one receiver arm of the proposed circuit (e.g., Arm A), along with
the NAND gate and the output inverter. Arm A includes the TIA, three stages of Cherry—Hooper
MAs, PKD, LWD, and the conventional DCOC block. For visual clarity, only Arm A is shown, as
Arm B is an identical replica that feeds the complementary side of the NAND gate.

Each individual circuit block is labeled in the figure. The large capacitors and resistors visible
in the layout correspond to the PKD, LWD, and DCOC circuits. The resistors appear as large solid
blocks in the layout, but each is actually implemented as a series combination of many smaller seg-
ments arranged in a meandered pattern. As discussed in their respective subsections, these passive
components are intentionally sized to support low-speed testing scenarios. For high-speed opera-

tion, their sizes can be reduced without compromising performance.
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Figure 4.21: Layout of one receiver arm of the proposed circuit (e.g., Arm A), along with the NAND

gate and the output inverter

To evaluate the robustness and dynamic response of the proposed circuit, a series of post-layout
simulations were performed under challenging input conditions. These tests included varying the
input data density of logical ‘1’s from 10% to 90% in 10% increments, as well as directly transi-
tioning between extreme cases (e.g., from 10% to 90% density). All density tests were conducted
at data rates of 1 Gbps and 100 Mbps. This moderate speed was chosen to keep the simulation
time within a reasonable range, as capturing the full behavior during slow transitions in data den-
sity under post-layout conditions required simulating a long duration. Running equivalent tests at
the maximum supported data rate would have taken over 24 hours or more per scenario due to the
increased time resolution.

Finally, the performance of the full circuit was simulated at the maximum data rate. Two dif-

ferent pseudo-random signals with 50% logical ‘1’s were applied to the receiver inputs. This case
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demonstrates the correct operation of the logic control circuit under high-speed conditions.

4.2.1 Behavior Under Input Densities of logical ‘1’s from 10% to 90% in 10% In-

crements

To evaluate the resilience of the proposed receiver architecture against variations in input data
density, a set of input photocurrent waveforms was applied to Arm A of the circuit. Fig. 4.3 illus-
trates the applied photocurrent, which starts with 10% density of logical ‘1’s and increases progres-
sively to 90% in steps of 10%. The initial segment (10% density) lasts for 2 us, followed by a 20%
density segment lasting 1 us. Each subsequent density level increases by 10% and persists for 1 us.

As previously noted, the sharp transitions between density levels shown in Fig. 4.3 are ideal-
ized for simulation purposes. In practice, the input current of the cascaded gate would vary more
gradually due to the finite response time of the thermal control circuit of the preceding gate.

Fig. 4.22 (a) shows the output voltage of the proposed receiver (i.e., output of the third MA)
under the applied varying-density input. The black horizontal line in the plot indicates the inverter’s
threshold voltage as a reference voltage, around which the signal is expected to remain centered.
Despite significant variation in input current levels and logic densities, the signal is consistently cen-
tered around the threshold voltage of the CMOS inverter. This confirms that the peak/low detector-
based DCOC effectively stabilizes the offset level of the amplified signal, making sure the signal
can still be correctly read even when the input is unbalanced. In contrast, Fig. 4.22 (b) displays the
corresponding output of a conventional DCOC-based receiver under the same input conditions. It
can be clearly observed that the signal shifts significantly as the input density changes, revealing
that the signal’s average level is affected by changes in input density in conventional DCOC-based

receivers.
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Figure 4.22: Receiver output voltages under varying input data densities (10%—90%): (a) proposed

receiver, (b) conventional receiver.

To further validate signal integrity, Fig. 4.23 presents the eye diagrams corresponding to both the
proposed and conventional receivers. Fig. 4.23 (a) demonstrates a wide-open eye centered around a
stable threshold, indicating strong noise margins and minimal baseline drift in the proposed archi-

tecture. Conversely, Fig. 4.23 (b) shows the eye diagram for the conventional DCOC-based receiver,
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where eye closure and vertical offset are evident due to the drifting signal midpoint.
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Figure 4.23: Eye diagrams for the (a) proposed and (b) conventional receivers under varying data

densities.

These results confirm that the proposed logic control circuit, featuring a peak/low detector-based

OC, effectively maintains signal integrity by compensating for input data asymmetry across a wide

range of conditions.
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4.2.2 Behavior Under a Direct Transition from 10% to 90% Input Density (Worst-

Case Scenario)

Fig. 4.24, provided by Daniel Musat, illustrates a worst-case input condition where the logical
"1’ density of the input signal of he cascaded gate abruptly changes from 10% to 90%. This wave-
form corresponds to the output of the preceding logic gate, influenced by its thermal control circuit.
In the first segment of the figure, the preceding MRM is not yet thermally locked. At 4 ms, the data
pattern switches to 90% density. Due to the tuning mechanism of the thermal control circuit, it takes

approximately 70-80 us for the system to stabilize to the new level.
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Figure 4.24: Input photocurrent waveform showing a direct transition from 10% to 90% input den-

sity; (a) full view, (b) zoomed-in view.

Simulating such a scenario with post-layout netlists at realistic time scales requires excessive
simulation time. Therefore, for practical evaluation, a test with 10x compressed transition time was

created. In this accelerated test, the transition occurs in approximately 7—8 us instead of 70-80 ps,
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preserving the core dynamics but reducing total simulation time.

Fig. 4.25 shows the bidirectional input current waveform used to test this accelerated worst-
case transition, applied to the proposed receiver circuit at a data rate of 100 Mbps. The red curve
represents a transition from 10% to 90% logic "1’ density, while the blue curve shows the reverse
transition from 90% to 10%. The response of the receiver demonstrates that the circuit can handle

an even more abrupt transition than what would occur in a real system.
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Figure 4.25: Input bidirectional photocurrent with 10 faster transition: from 10% to 90% logic °1’

density (red curve) and from 90% to 10% logic ’1° density (blue curve).

Fig. 4.26 (a) shows the output of the receiver during both 10% to 90% and 90% to 10% transi-
tions. The black horizontal line in the plot indicates the inverter’s threshold voltage, around which
the signal is expected to remain centered. The output remains centered and stable, confirming the
effectiveness of the peak/low detector-based DCOC in handling abrupt asymmetry in input density.
However, a small residual overshoot is observed following each transition. As explained in the rele-
vant subsection, the tracking time of the peak and low detectors is much faster than their decay time.
For instance, when the logic ‘1’ density increases from 10% to 90%, the signal tends to shift down-

ward. The low detector quickly tracks the new minimum voltage, while the peak detector decays
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more slowly. As a result, the calculated middle point (the average of peak and low) is slightly higher
than the true center of the signal, causing the DCOC circuit to drive the level lower than needed,
resulting in a temporary downward overshoot. A similar effect causes the upward overshoot during
the 90% to 10% transition (this time, the peak detector tracks the new high level quickly, while
the low detector decays more slowly). In realistic scenarios where the transition occurs 10x more
slowly, as in the actual worst-case input shown in Fig. 4.24, the detectors have enough time to re-
spond, and the overshoot effect is no longer observed. For comparison, Fig. 4.26 (b) displays the
response of a conventional DCOC-based receiver under the same input condition. In this case, a

noticeable shift in signal levels is observed.
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Figure 4.26: (a) The proposed and (b) conventional receiver output during worst-case density (10%

It is important to note that this settling time is determined by the thermal control circuit and is

independent of the input signal’s data rate. Therefore, the circuit’s ability to stabilize after abrupt
density changes remains valid across different data rates. For the correct functionality of the pro-
posed DCOC scheme, a qualitative hierarchy between the relevant time constants must be main-
tained. Specifically, the bit-level transitions must be much faster than the response of the peak and
low detectors so that these detectors track only the slowly varying signal envelope rather than in-

dividual bits. The DCOC integrator should be slightly slower to provide stable offset cancellation
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without chasing residual fluctuations. When the peak and low detectors are chosen sufficiently slow
such that their outputs are effectively quasi-DC, the DCOC time constant may be set equal to theirs
without degrading performance. Finally, the thermal control loop should remain the slowest process
in the system. This qualitative ordering guarantees that the proposed circuit responds smoothly to

envelope changes while maintaining immunity to short-term bit pattern variations.

4.2.3 High-Speed Functionality Test with Balanced Input Signals at 8 Gbps

To evaluate the performance of the proposed receiver and logic control circuit under high-speed
conditions, a set of balanced input signals with 50% logical ‘1’ density was applied to both receiver
arms. The input data rate was set to 8 Gbps, representing the maximum operating speed achievable
by the circuit in its stand-alone configuration, independent of synchronized system constraints.

Before analyzing eye diagrams, a time-domain transient simulation was conducted to observe
the actual logic transitions in real time. Fig. 4.27 presents the time-domain waveforms captured
at multiple stages of the logic path: the outputs of the two receiver arms, the NAND gate output,
and the final AND signal. The waveforms clearly demonstrate correct logical operation, with sharp
transitions and timing alignment across all stages, validating high-speed functionality from input
detection to final logic generation. As shown in the figure, the NAND output exhibits variation in
its logical *1’ level. This occurs because, out of the four possible combinations of NAND inputs,
only the case "11” produces a logical *0’, while the remaining three cases ("00’, ’01°, *10’) all result
in a logical ’1’. In conventional digital systems, NAND gate inputs are driven by rail-to-rail signals
(VDD and GND), producing a uniform ’1’ level at the output across different input cases. However,
in this system, the inputs to the NAND gate, Receiver_OutA and Receiver_OutB, swing between
approximately 300 mV (representing logical *0’) and 700 mV (representing logical *1’). These
non-ideal logic levels lead to slight variations in the output "1’ level of the NAND gate, depending
on the specific input combination. This variation is effectively eliminated in the subsequent logic
stage, where the final AND output is regenerated to stable and consistent logic levels. It should
be noted that with higher receiver gain, the NAND input amplitude increases, bringing the signal
levels closer to rail-to-rail operation. This reduces the variation observed in the logical ‘1’ output

and supports the claim that rail-to-rail inputs improve output consistency prior to regeneration in
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the following stage. However, higher gain can also reduce the circuit bandwidth and potentially

degrade signal quality at high speeds.
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Figure 4.27: Transient simulation results under 8 Gbps balanced input conditions showing the out-

puts of the two receiver arms, the NAND gate output, and the final AND signal.

Fig. 4.28 (a) and (b) show the eye diagrams at the output of the Cherry—Hooper amplifier chain
of both receiver arms. As seen in the figures, both receivers produce clean and wide-open eyes with
well-centered thresholds, confirming the robustness of the proposed architecture and its capability

to process high-speed input currents while maintaining strong signal integrity.
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Figure 4.28: Eye diagrams under 8 Gbps balanced input signals (50% logical '1’s): (a) Receiver
Arm A output, (b) Receiver Arm B output, (c) NAND gate output, (d) Final AND signal.

Furthermore, Figures 4.28 (c) and (d) present the corresponding eye diagrams at the output of
the NAND gate and the final AND signal, respectively. These outputs demonstrate successful high-
speed logic operation, where the AND signal is asserted only when both inputs are high, as expected
from the logical operation of the NAND gate followed by the output inverter.

These results confirm that the proposed peak/low detector-based OC, together with the TIA, the
Cherry—Hooper amplifier chain, and the logic function stage, can reliably operate at 8 Gbps and
accurately perform logic-level detection and NAND/AND processing at full speed. The total power
dissipation of the circuit is approximately 59 mW. Additionally, the average delay between the input
bidirectional photocurrent and the final AND output signal is simulated to be 107 ps.

As mentioned earlier, in synchronous cascaded logic systems, practical clock frequencies are
typically several times slower than the inverse of the propagation delay. Applying the same 5-10x
factor to the propagation delay yields a safe practical clock range of approximately 1-2 GHz for the

synchronized system.
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4.2.4 PTC and ONM Simulations for an Optical NOT

To evaluate the PTC and ONM of the IC-level OLG, as shown in Fig. 4.29, the electrical NAND
gate within the IC implementation was replaced with an inverter having the same gain. This modi-

fied configuration was used for the subsequent simulations.
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Figure 4.29: Schematic diagram of the simulated optical NOT gate configuration used for PTC and

ONM analysis.

Because the PKD, LWD, and DCOC circuits operate in the time domain and require sufficient
time to settle to their steady-state values, the simulation was performed in multiple time-transient
runs. The input photocurrent amplitude was varied from very small values to larger ones, and for
each value, a simulation was performed to allow the circuit to reach steady state before recording
the corresponding output voltage.

The simulated output voltage was then mapped to the optical output power using the differential
output power versus Vi, characteristic presented in Fig. 2.7 (b) of Chapter 2. In this mapping, the

following parameters were considered:

* Input CWL power of -6 dBm,

* 2 dB insertion loss in the optical path,

10:90 splitter ratio after the microring modulator (10% to the thermal control circuit and 90%

to the next OLG),

* Modulation voltage range of 0-1.2 'V,
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* PD responsivity of 0.8 A/W.

Using these values, the simulated curves in Fig. 4.30 (a) and (b) were obtained. Fig. 4.30 (a)
shows the PTC for the given OLG, plotting the optical output differential power against the optical
input differential power. As shown in Fig. 4.30 (b), and as expected, the maximum optical gain
for this OLG is -9.2. From these results, the optical noise margins are approximately ONMy =

13.4 pW and ONMy, = 14.4 uW.
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Figure 4.30: Simulated results for the IC-level optical NOT gate: (a) PTC and (b) corresponding

slope.

4.3 Floor Planning

Fig. 4.31 presents the top-level block diagram of the chip floor plan, and Fig. 4.32 shows the
full layout of the logic control circuit, including the seal ring and pad ring. The chip occupies a total
area of 1.25 mm?2.

A total of 6 I/O pads are used to interface both the main signal paths and testing access points.
To improve signal integrity and reduce crosstalk, each high-speed signal pad is positioned between
a pair of GND pads. The design also includes four pads dedicated to the shift register, responsible
for controlling the on-chip T-gates. For power delivery, four VDD pads and six GND pads are

distributed across the layout. One additional pad is allocated for providing the bias current.
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Figure 4.31: Top-level block diagram view of the floor plan.
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Figure 4.32: Layout of the complete logic control block, including pad ring and seal ring.

4.4 Measurement Setup and Fabricated Chip Integration

Fig. 4.33 displays the custom-designed high-speed PCB used for evaluating the electrical per-
formance of the proposed logic control chip. The fabricated IC has been wire-bonded to the board
and prepared for initial measurements. At the time of writing, characterization is still underway,

and detailed results will be reported in a future publication.
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Figure 4.33: High-speed test PCB with the wire-bonded fabricated chip mounted for electrical

measurements.

4.5 Conclusion

This chapter presented the design, layout, and post-layout validation of a fully integrated, logic-
aware IC-level control circuit tailored for cascaded optical logic applications. A peak/low detector-
based DCOC scheme was implemented in a continuous-feedback configuration, enabling dynamic
signal centering and allowing the proposed receiver to overcome the limitations of conventional
averaging-based compensation under unbalanced input data densities. The subtractive PD pair front-
end, reconfigurable inverter-based TIA, three-stage Cherry—Hooper amplifiers, and logic-level de-
tection circuitry were designed and optimized for robust performance across a wide range of signal
conditions. Post-layout simulations verified the correct operation of the system under data densi-
ties ranging from 10% to 90%, extreme transitions, and showed a simulated propagation delay of
approximately 107 ps. Despite this delay, the standalone gate was able to process narrow pulses,
corresponding to a data throughput of up to 8 Gbps, confirming both signal integrity and logic func-

tionality. These results establish the circuit’s suitability for use in high-speed optical computing
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platforms with unbalanced input data patterns. Finally, the floor plan and fabricated PCB demon-

strate successful chip integration and readiness for experimental validation.
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Chapter 5

Conclusions and Future Work

In this thesis, we experimentally verified the feasibility of cascadable OLGs and demonstrated
a combinational 2x2 optical switch. As discussed in Chapter 3, the experimental setup had cer-
tain limitations that affected system performance, including the use of a logic control circuit not
optimized for high-speed operation, the low bandwidth of the DAQs for generating input patterns
and monitoring test points, and the reliance on long cables. This implementation was primarily
intended to validate the concept of cascadable OLGs rather than to optimize delay, speed, or power
dissipation. Nevertheless, the post-layout simulation results of the logic control circuit presented in
Chapter 4 show that the same design approach introduced in Chapter 3 can be extended to achieve
higher-speed OLGs.

Because optical signals can propagate over long distances with minimal attenuation, photonic
logic gates do not require close spatial placement. This enables a more distributed system lay-
out, which is difficult to achieve with conventional electrical interconnects that suffer from higher
parasitic capacitance, signal degradation, and speed limitations. Furthermore, the use of optical in-
terconnects inherently provides low crosstalk, allowing densely interconnected systems to maintain
high signal integrity without the interference challenges typical in compact electronic layouts. Such
distributed placement also reduces local power density, helping to mitigate thermal hotspots and re-
duce heat-induced performance degradation, issues that become increasingly critical in large-scale

integrated systems.
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5.1 Comparision

Table 5.1 summarizes a comparison between this work and other reported optical logic gate
implementations. The MRM-based logic gates reported by [28] demonstrate OR, NOR, XOR, and
XNOR functions and operate without electrical gain. While conceptually attractive, their practi-
cality is limited by the need for precise input phase control and by the low bandwidth of zero-bias
photodiodes, which restricts speed to the megahertz range. In principle, reverse-biasing the photo-
diodes could enable multi-gigabit operation, but this would require an I-V conversion stage, while
also removing the nonlinear P-V characteristic of zero bias PDs that is essential for the logic behav-
ior.

The MRM-based system reported in [21] implements universal optical logic gates through
feedback-controlled PN-junction tuning and demonstrates NOR and NAND operations. The gates
were implemented and tested on a programmable MZI mesh configured to emulate MRM behavior,
while cascadability was only suggested by simulating an SR latch using two gates, with no physical
hardware realization. Each gate requires three MRMs and precise phase alignment, and the limiting
amplifiers used in the feedback loops were only emulated in software. As a result, while the concept
supports scalability, a practical PIC implementation would entail significant area overhead, accurate
phase alignment, complex biasing, and multiple control circuits.

The photonic crystal (PhC) logic gates presented in [8, 29] are compact and very fast; however,
they are not CMOS-compatible, require high input power, and lack optical signal regeneration,
which limits their suitability for larger-scale systems.

The MZI + QDSOA-based gates reported in [11] achieve fast NOR (and extended to XNOR)
operation by exploiting QDSOA gain saturation. The results were validated only through simula-
tion, but practical implementation would require multiple wavelengths, precise phase shifters, and
two QDSOAs per gate (four for XNOR) with electrical biasing. As a result, the approach adds
significant system complexity and power consumption.

In contrast, the proposed design is the only one in this comparison that experimentally veri-
fies multi-stage cascading while maintaining signal regeneration. Moreover, this work combines

MRM-based photonic logic with a CMOS electronic control circuit, enabling co-integration with
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standard electronics. The measured PTC and ONM provide quantitative performance metrics that
are rarely reported in previous works, offering deeper insight into cascaded OLG behavior. Com-
bined with the high-speed potential demonstrated in the post-layout control circuit results, the pro-

posed architecture is well-positioned for future high-speed and scalable optical computing systems.
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Table 5.1: Comparison of optical logic gate implementations.

Opt. Quant.
Appl. Phys. B, Symmetry, 2023 Opt. Express, Opt. Express,
Reference Electron., 2020 This work
2021 [29] [8] 2024 [28] 2025 [21]
[11]
PhC nonlinear ring
Implementation Type MZI + QD-SOA PhC ring resonator MRM-based Hybrid MZI+MRM MRM-based
resonator
GaAs-based PhC Programmable
InAs / GaAs 2D PhC multi-ring Si MRM + Si MRM +
Platform / Structure ring resonator MZI mesh +

QD-SOA with TPA (Si rods in Si02) zero-bias PD electronic control
(Kerr) electronic control
Half-adder (AND, OR, NOR, NOT, NOT, NAND, 2x2
Logic Functions NOR, XNOR AND NOR, NAND, latch
XOR) BUF switch
Simulation Experiment
Cascading Potential not cascadable not cascadable potential
(2-stage) (multi-stage)
Optical Signal
v X X v v v
Regeneration
PTC/ ONM Analysed X X X PTC only X v




5.2 Future Work

This thesis has verified the viability of the proposed OLG architecture through both experi-
mental evaluation and post-layout simulation. Nevertheless, there remain opportunities for further
examination and improvement.

An important next step is the experimental validation of the fabricated integrated circuit through
combined electrical and optical testing, in conjunction with a PIC configured to realize an optical
D-latch using four cascaded OLGs. These measurements would help verify the efficiency of the
logic control circuit under realistic high-speed optical operating conditions, offering valuable evi-
dence of its scalability and dependability for deployment in practical systems.

A key area of future research is circuit optimization, aimed at improving logic uniformity, noise
margins, and scalability. A schematic-level simulation of the NAND stage was performed with the
current sizing of NMOS transistors at W/L = 20 x 2 um/60 nm and PMOS transistors at W/L =
5 X 2 um/60nm. An alternative sizing with stronger PMOS devices (W/L = 8 x 2 um/60 nm)
confirmed that this adjustment reduces variation in the logical ‘1’ output levels, although it does not
eliminate it completely. The trade-off is a slightly elevated logical ‘0’ level, but the benefit is more
consistent and reliable ‘1’ levels in cascaded operation. Beyond device resizing, architectural mod-
ifications of the NAND gate can also be considered. A symmetric NAND topology, implemented
with two parallel NMOS branches and cross-connected inputs (A-B in one branch, B—A in the
other), removes the asymmetry between the 01 and 10 cases, thereby eliminating the corresponding
output mismatch observed in the conventional NAND design. In addition, access to the peak- and
low-level information provided by the PKD and LWD circuits offers the possibility of implement-
ing automatic-gain-control (AGC) versions of the TIA and MA stages. Such adaptive front-ends
could dynamically adjust their gain to accommodate varying optical input levels, improving system
resilience and maintaining consistent performance across diverse conditions.

Future research could also investigate fully optical OLG architectures in which the logic oper-
ation is performed directly within the PDs, sometimes assisted by an on-chip load resistor, through
either reverse-bias voltage control or forward-current injection. In the planned continuation of this

work, four such designs have been developed, two utilizing reverse-biased MRMs and two based
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on forward-biased MRMs, with two of these architectures originally proposed by the author. Ex-
perimental validation focusing on key metrics such as speed and cascadability would help assess
their feasibility for large-scale optical logic systems. A notable consideration is the interplay be-
tween MRM slope, electrical gain, and bandwidth. The modest slope in the output power versus
modulation voltage characteristic (Fig. 2.7 (b)) places heavy demands on the electronics, since high
electrical gain is often required to ensure reliable logic operation and unity gain for cascaded be-
havior, and as mentioned in chapter 2, this constraint limits the electrical bandwidth to the MHz
range by the RC time constant. One way to improve this is by increasing the Q-factor of the MRMs,
which steepens the slope of the mentioned curve. This reduces the required load resistance, thereby
relaxing the electrical gain requirements and simultaneously increasing the electrical bandwidth of
simple PD-resistor—-MRM configurations. Although a higher Q reduces the optical bandwidth of
the MRM, in this case, the optical bandwidth already far exceeds the electrical bandwidth, so the
reduction does not limit performance. As a result, careful Q-factor optimization can improve the
MRM slope, reduce the required electrical gain, and increase the overall system bandwidth, sup-
porting more scalable and cascadable optical logic operation. Any future optical-electronic hybrid
or fully optical design should take these amplification requirements into account when targeting

signal regeneration and scalability.

110



Appendix A

Q
oS
o
g
®
=
=
=N
=]
=
(=

KiCad Design of the L

[ ofu.
ta o 1 o
u b o
WD el ey
& oM
T 2w o
P e mEy
[ —tramm L i
o fu. LI P
2 N e oo vy
[ = Gl Wt I
ol ] L ==
e G EE R Ly M
. "1 Ry S e L
o oy o u
= w ™ o—futhon
PRI =l
et I
Lo o
ot e
I == e e S Ny S
I =t B S My, e s
[ e RN By o =
et AL =
I P =l T i
o s oo
[ =i =l
[ e ol "_i
o =
— )
] m T

s
i

i T RTRGTR Teten ait

= o
] m, E —
ap——om o = i wo
JuTJm—r NT waly B ¥ 3= aiokt
E-Lr Tl T Y T

gl T

Figure A.1: High-level schematic of the logic control board used for the experiments in Chapter II1
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Figure A.2: Detailed schematic of a single logic control board implementing one AND gate.
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Appendix B

KiCad Design of the High-Speed PCB
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Figure B.1: High-speed PCB schematic.
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