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Abstract
Thermal Control and Optimization for Assembled Photonic Interconnect Systems

Maarten Henricus Nicolaas Hattink

In recent years, there has been significant progress in the development of integrated
photonic circuits (PICs). Matured fabrication and simulation techniques have enabled the
development of novel devices and system architectures. Ideally, these newly developed
technologies are put to test in the lab, both to verify that they perform as simulated and to
demonstrate the viability of the technology. Testing the increasingly complex optical circuits
brings various challenges. One of these challenges is the sensitivity to temperature changes of
many optical circuits, especially micro ring and micro disk resonators (MRRs and MDRs). Due to
the nature of these resonators, slight deviations in the material properties have a large impact on
their resonant frequency. Despite this, their small footprint and wavelength selectivity makes
them promising components for many future technologies, especially Dense Wavelength Division
Multiplexed (DWDM) communication links. Multiple resonators cascaded on a single bus
waveguide can operate on multiple wavelengths simultaneously with relatively few components
and in a small combined area. Since every extra connection to a PIC has a footprint similar to that
of a micro resonator, a packaging optimized thermal control scheme is needed to fully leverage all
advantages of micro resonators.

This work will focus on the thermal stabilization of cascaded micro resonators and how
thermal control can be optimized to simplify the packaging of PIC prototypes. This simplification

enables the demonstration of complex systems and more realistic scenarios for thermal control of



both resonators and other circuits. It will first show how a number of PICs and their respective
packages were built, keeping subsequent testing in mind. Then, it demonstrates automatic
initialization of cascaded MRR and how stable operation, while undergoing large temperature
swings, can be achieved using a minimum number of connections to the PIC. Next, it shows
stable operation of an eight-wavelength receiver, operating uncooled at 16 Gb/s/_, over a record
75 °C. Finally, it presents how all the learned lessons are brought together to built a 2.5D
integrated SiPh transceiver that is capable of transmitting 512 Gb/s bidirectionally. This
transceiver can be plugged into Field Programmable Gate Arrays (FPGAs), which can then be
used to implement accelerators for real computing problems, used as a PCle bridge to a standard
compute server, or both. The transceiver is also designed to work with many types of optical
switches, allowing demonstrations of novel switching algorithms and network architectures. The
contributions discussed in this thesis can assist in enabling future high bandwidth optical
interfaces by optimizing the thermal control strategy and may be used at all stages of PIC design

and packaging to facilitate the development of new technologies.
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Chapter 1: Introduction

1.1 The Demand for More Compute and Bandwidth

In recent decades, the world around us has transformed in previously unimaginable ways. The
advent of computers and later the internet have enabled our society to build globe-spanning net-
works and to tackle problems that were impossible to solve. This has led to numerous advance-
ments in elds like weather forecasting, medical technology, the internet-of-things, and many
more. In the last few years, one technology has dominated the world of computer science, with
the promise of changing the world at a similar scale. This technology is, of course, arti cial intel-
ligence (Al) [19, 20]. With the launch of ChatGPT [21], it has developed to the point where the
general public can use it interactively via the internet. This explosion of interest then immediately
sparked ideas for using this technology in many different elds, like the global warming [22] and
healthcare [23].

Along with the rise in popularity of Al, and more speci cally the eld of machine learning

(ML), the number of parameters these models use has skyrocketed, this trend is shown in Fig. 1.1a.

Figure 1.1:a Deep learning model size trend in terms of model parameters from 2016 to 2022 [1,
2,3,4,5,6,7,8,9, 10]. Adapted from [11h) Growth trends in NVIDIAs GPU bandwidth.
Showing memory BW (red), inter-GPU (blue) and NIC (orange) bandwidth. [12, 13, 14, 15, 16,
17, 18]. Adapted from [11].



To keep up with the performance a urry of activity has taken place in the accelerator space, aimed
at facilitating both the training as well as deployment of ML models. Increasingly the entries in
the supercomputer TOP500 use accelerators to achieve new levels of performance [24]. In June
2022 the Frontier system became the rst exascale supercomputer [25], with each node consisting
of one central processing unit (CPU) and four interconnected graphics processing units (GPUS)
accelerators. Recently Google announced the fourth generation of their tensor processing unit
(TPU) [26], an application-speci ¢ integrated circuit (ASIC) solely designed to accelerate ML
computation tasks.

Despite the newest accelerators now containing over 100 GB of memory [27], the computation
of the newest model must be distributed over 1000s of GPUs [28]. This distribution across many
nodes requires the exchange of large amounts of data. But network interfaces have not kept up with
ASIC and memory bandwidths. Fig. 1.1b shows how the bandwidth of NVIDIA's memory, GPUS,
and network interface cards (NICs) have increased over recent years. It is clear that the NICs
have not kept pace with HBM and GPUs, which severely limits the scaling of distributed deep
learning (DDL) [28]. To continue the astronomical growth in compute performance and scaling,

more bandwidth will be needed.

1.2 Scaling Bandwidth using Optical Interconnects

1.2.1 Limits of current technology

Electrical interconnects are limited by the high loss in metal traces [29]. To overcome this
loss the required energy to transfer a single bit grows rapidly with distance. This loss prevents the
fanout of the required amounts of bandwidth from the package, and is also part the reason that GPU
memory bandwidth to High Bandwidth Memory (HBM), mounted closeby on a silicon interposer,
is much greater than dynamic random-access memory (DRAM) mounted on the printed circuit
board (PCB). At the same time, the end of Moore's law and Denard scaling reduce researchers'
ability to overcome the limitations of the electrical interconnect by increasing per-pin data rate

using more advanced signal processing or power per bit. To address this challenge, system archi-
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Figure 1.2: Bandwidth density and energy ef ciency product drops off rapidly with distance.
Adapted from G. Keeler, DARPA ERI Summit 2019, and [31]

tects are looking towards optical interconnect systems. Traditionally optical links have dominated
long distance connections, where the low loss of optical ber allows optical links to overcome
the increased cost of the link's end-points compared to electrical connections. This observation is
highlighted in Fig. 1.2, which shows how the bandwidth energy product of different interconnect
technologies drops off over the maximum distance these interconnects can reach. It is also part
of the motivation of the DARPA's PIPES project [30], which aims to improve optical interconnect
density and ef ciency by orders of magnitude. The goal is, for example by densely integrating op-
tical components using novel integrated photonic platforms, to shrink the energy and area footprint
of optical links to the point where they can be integrated in the same package as the ASICs. And
once an optical link has been built, it is relatively straightforward to increase the distance it can

reach.

1.2.2 Advancements in Silicon Photonics

Founded on the ubiquitous and proven history of complementary metal-oxide—semiconductor
(CMOS) manufacturing, the eld of silicon photonic (SiPh) has developed into a mature platform
that can contribute to the goal of energy ef cient scalable optical interconnects. Many components

need to function together to build reliable ef cient links. Fig. 1.3 shows some of these. Firstly,



Figure 1.3: Newly developed components enable novel systems with breakthrough performance.
Adapted from [32]

ef cient methods to couple light in and out of a photonic integrated circuits (PICs) are neces-
sary [33], with some of the newest developments reaching insertion losses as low as 0.35 dB [34].
Since any light lost at the ber to chip coupling interface, which occurs multiple times in a link,
directly reduces the link's ef ciency, this loss must be reduced as much as possible while keep-
ing manufacturability in mind. Just this necessary component of any integrated photonic link has
sparked a wide range of new possibilities, from polymer waveguides [35], to 3D printing photonic
wire bonds between dies and ber arrays [36, 37], and to etching V-grooves into the optical dies
themselves to passively align the bers [38]. Once light is coupled onto a PIC, it needs to be dis-
tributed, tapped, and recombined using passive components. Here not only loss is critical [39],
but since most methods of manipulating light rely on the phase of the optical signal, maintaining a
constant or at least predictable refractive index is paramount, for example by tailoring the width of
waveguides to reduce their sensitivity to fabrication variation [40]. Imprinting information on the
optical signal requires high speed modulators, with the currently dominant Mach-Zehnder modu-
lator (MZM) still reaching ever increasing bandwidths [41] and a great new contender being the
micro resonator modulator (MRM) [42]. Finally, light must also be detected for it to be of any
use. Because silicon is not a direct band gap material, which is part of why it is a good material

for guiding light in the rst place, and because it is compatible with the standard CMOS process,



Figure 1.4:a, Overview of the entire wavelength scalable link architecture. The link design is
comprised of (i): group velocity dispersion (GVD) Kerr comb, (ii) and (v): de-interleaving stages,
(iif) resonant modulators, (iv) interleavers, (vi) resonant Iter and photodiodesSingle-FSR
regime design vs.c, multi-FSR regime design. The channel and alias aggressor spacings are
denoted by ¢, and_aq respectively. Adapted from [45]

germanium detectors are often used [43], reaching bandwidths of 110 GHz [44].

While all of these components are critical, it is the micro resonator (MR) that promises the
next leap in bandwidth density. With a diameter measured in 10s of micrometers, rather than in
millimeters, the area on a PIC that a MR occupies is signi cantly smaller. This has led to proposed
architectures consisting of many resonators[11], operating at lower more energy ef cient data rates,
as well as demonstrations that multi-Tb/s links [46].

The proposed architecture [11, 45] shown in Fig. 1.4 envisions communication links based on
optical combs [47]. Using the many wavelengths generated by the comb, these links can implement
lower per-wavelength baud rates. By doing so, each component in the link can be optimized for
energy and area ef ciency, rather than having to reach the maximum frequency the technology

allows to achieve the required total data bandwidth.
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