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Abstract

There are several research goals which drove the writing of this thesis. The main goal of this
research was to develop control circuits for driving photonic components with high power
efficiency. In this work, a highly integrated photonic chip, with over 1000 optical functions, is
3D-integrated via micro copper pillars on an electronic IC (EIC). One of the research goals is
also to achieve high density of optical functions per mm?, the target being 1000 optical
functions on 21 mm?. This integration level is very high, including the waveguides crossings,
the number of optical functions per mm? amounts to 200, in the area of the switch matrix. The
function of EIC is to control all photonic switches in the photonic chip. Both integrated and
additional discrete electronics are designed properly to satisfy the constraints in terms of power
consumption, power efficiency and package size of the proposed device. All steps in the design
process of this device are discussed in this work.

Photonic switches are brought into resonance by heating resistors, integrated in the
photonic chip. One of the central topics of this research is the development of different
approaches for heater control: analog, digital or analog-digital are investigated in terms of
power efficiency, resolution and scalability. Two chips designed in different technologies,
photonic and electronic, are 3D integrated via micro copper pillars. The BCD 180 nm
technology was chosen for the design of EIC. Core circuit blocks such as OTAs, sample&hold
circuits, current-to-voltage converters (TIAs), analog-to-PWM converters, Gray counter,
registers, SPI interface, multiplexers and an 8-bit DAC are designed and optimized in this
technology to meet the requirements driven by photonics specifications. These blocks are
contained in a complete multimode ring resonator heater control EIC with more than 800 heater
control cells. The switching matrix has 768 elements; therefore efforts have been made to
optimize the design of a single driving heater control cell which is further replicated. Also, the
design of transimpedance amplifier has been optimized since it is replicated 84 times for the
corresponding monitoring photodiodes placed at the key points in the photonic chip.
Technological limitations such as maximum speed of the counter clock necessary for the
generation of PWM signal and minimum size of the matrix cell area were investigated. The
possibilities of scalability of presented solutions by using more advanced technologies for the
design of EIC were also one of the foci of this research.

Characterization of different types of microring resonators designed in a photonic
platform is also investigated with different control approaches implemented in electronic
circuits. Special minimatrix test structures were used for this purpose.

Another major challenge was the design of a compact package of a device capable of
conducting heating power of 4 W. The main dissipation comes from PIC, so the cold side of a
Peltier cooler is attached to the substrate of PIC while the hot side is connected via metal sheets
to the heatsink of the package. Power dissipation of a complete EIC chip, placed above PIC,
has to be minimized in order to reduce the influence of heat transfer from EIC to PIC, as well
to the air inside the package. Efforts have been made to design proper package heatsink, rather
than using an additional fan for cooling.



Two control loops are implemented in the ATMEL ATXmega microcontroller. One
loop is for controlling and monitoring of the state of ring resonators. The second loop is for the
temperature regulation of EPIC device by driving a thermo-electric cooler since the photonics
circuits are very temperature sensitive.

The comparison of control approaches in terms of power consumption, electronic
characteristics, scalability and further improvements are also discussed at the end of this work.
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Kurzfassung

Es gibt mehrere Forschungsziele, die das Schreiben dieser These angetrieben haben. Das
Hauptziel dieser Forschung war die Entwicklung von Steuerkreisen fiir die Ansteuerung
photonischer Komponenten mit hoher Energieeffizienz. In dieser Arbeit wird ein
hochintegrierter photonischer Chip mit {iber 1000 optischen Funktionen {iiber
Mikrokupfersdulen auf einem elektronischen IC (EIC) 3D-integriert. Eines der
Forschungsziele ist auch, eine hohe Dichte optischer Funktionen pro mm? zu erreichen, wobei
1000 optische Funktionen auf 21 mm? angestrebt werden. Dieses Integrationsniveau ist sehr
hoch, einschlieBlich Wellenleiteriiberkreuzungen, die Anzahl der optischen Funktionen pro
mm? betrigt 200, im Bereich der Schaltmatrix. Die Funktion der EIC ist, alle photonischen
Schalter im photonischen Chip zu steuern. Beide integrierte und zusétzliche diskrete Elektronik
sind so ausgelegt, richtig die Einschrinkungen in Bezug auf den Stromverbrauch,
Energieeffizienz und die PaketgroBe der vorgeschlagenen Vorrichtung zu erfiillen. Alle
Schritte im Designprozess dieses Gerits werden in dieser Arbeit diskutiert.

Photonische Schalter werden durch im photonischen Chip integrierte Heizwiderstinde
in Resonanz gebracht. Eines der zentralen Themen dieser Forschung ist die Entwicklung
unterschiedlicher Ansdtze fiir die Heizungssteuerung: Analog, Digital oder Analog-Digital
werden hinsichtlich Energieeffizienz, Auflosung und Skalierbarkeit untersucht. Zwei Chips,
die in verschiedenen Technologien, photonischen und elektronischen, entworfen sind, werden
3D iiber Mikrokupfersédulen integriert. Die BCD-180-nm-Technologie wurde fiir das Design
des EIC ausgewihlt. Kernschaltungsblocke wie OTAs, Sample & Hold-Schaltungen, Strom-
Spannungs-Wandler, Analog-zu-PWM-Wandler, Gray-Zéhler, Register, SPI-Schnittstelle,
Multiplexer und ein 8-Bit-DAC sind in dieser Technologie ausgelegt und optimiert, um die
Anforderungen zu erfiillen angetrieben durch photonische Spezifikationen. Diese Blocke sind
in einer kompletten Multimode-Ring-Resonator-Heizungssteuerung EIC mit mehr als 800
Heizungssteuerzellen enthalten. Die Schaltmatrix hat 768 FElemente, daher wurden
Anstrengungen unternommen, um den Entwurf einer einzelnen Heizungssteuerzelle, die weiter
repliziert wird, zu optimieren. Auflerdem wurde das Design des Transimpedanzverstéirkers
optimiert, da es 84 Mal fiir entsprechende Uberwachungsphotodioden repliziert wird, die an
den Schliisselpunkten des photonischen Chips angeordnet sind. Technologische
Einschriankungen wie maximale Geschwindigkeit des Zahlertaktes notwendig zur Erzeugung
der PWM-Signals und MindestgroBe der Matrixzellenfliche wurden untersucht. Die
Moglichkeiten der Skalierbarkeit der Losungen durch den Einsatz fortschrittlicher
Technologien fiir das Design von EIC waren ebenfalls ein Schwerpunkt dieser Forschung.

Die Charakterisierung verschiedener Arten von Mikroring-Resonatoren, die in
photonischen  Plattformen entworfen sind, wird ebenfalls mit verschiedenen
Steuerungsansitzen untersucht, die in elektronischen Schaltungen implementiert sind.
Spezielle minimatrix Teststrukturen wurden fiir diesen Zweck verwendet.

Eine weitere gro3e Herausforderung war die Konstruktion eines kompakten Gehiuses,
das eine Heizleistung von 4 W ermdglicht. Die Hauptdissipation kommt von PIC, daher ist der
Peltier-Kiihler mit der kalten Seite an dem Substrat von PIC angebracht, wihrend die heille
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Seite liber Metallbleche mit dem Kiihlkérper des Gehduses verbunden ist. Die Verlustleistung
eines vollstindigen EIC-Chips, der oberhalb von PIC angeordnetet ist, muss minimiert werden,
um den Einfluss der Wérmeiibertragung von EIC auf den PIC sowie auf die Luft im Gehéuse
zu reduzieren. Es wurden Anstrengungen unternommen, einen geeigneten Gehéusekiihlkorper
zu entwerfen, anstatt einen zuséitzlichen Liifter zum Kiihlen zu verwenden.

Im ATMEL ATXmega-Mikrocontroller sind zwei Regelkreise implementiert. Eine
Schleife dient zum Steuern und Uberwachen des Zustands von Ringresonatoren. Die zweite
Schleife dient zur Temperaturregelung der EPIC-Vorrichtung durch Ansteuern eines
thermoelektrischen Kiihlers, da die Photonikschaltungen sehr temperaturempfindlich sind.

Der Vergleich der Steueransitze in Bezug auf Stromverbrauch, elektronische
Eigenschaften, Skalierbarkeit und weitere Verbesserungen werden auch am Ende dieser Arbeit
diskutiert.
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1 Introduction

1.1 Motivation

The amount of data nowadays is rapidly increasing. Companies are collecting trillions of bytes
of information about customers’ habits and suppliers. In the same time, millions of networked
sensors are embedded in devices such as smart phones and automobiles, capturing and
processing data. The phenomenon of social networks and multimedia services will support this
exponential trend of data generation even more.

The need for high-powered simulations is common in many scientific disciplines, from
nanoscale particle physics up to cosmology. For example, simulations of fusion takes in
account millions of variables and particle interactions requiring an “exascale” computer system
that can perform one quintillion calculations per second. This is equivalent to the combined
processing power of the 500 fastest supercomputers present today. This “exascale” computer
could lead to significant advances in precision medicine, quantum physics, prediction of
earthquakes, weather and the cosmos. These disciplines are all based on complex equations
[2].

One of bottlenecks of this computer is the transfer of data from memory to processor
and from processor to processor fast enough. Better ways have to be identified to transmit data
over novel optical interconnections, shortening data travel paths and to route data more
efficiently. Moving data inside supercomputers consumes a lot of power and generates very
much heat. It is necessary to develop new optical interconnects since copper and traditional
memory protocols cannot provide demanded (needed) transfer rate [3].

Electrical networks continue to scale with new topologies, advances in routing, but
there is constant need for lower-power and higher-bandwidth networks. Silicon-photonic
technology is well-positioned to offer a solution for these two fundamental weaknesses of
electrical links. Proper integration strategies need to be implemented in order to preserve the
advantages of optical switches [4]. However, rapidly reconfigurable optical switches with a
high number of ports and low insertion loss are still not developed [5]. Switching times of few
nanoseconds have been demonstrated with chip-scale optical switches, but their number of
ports has been limited to 16 x 16 ports at best [6], [7], [8] and [9]. On the other hand, optical
switches based on MEMS mirrors technology with hundreds of ports are used within
datacenters and supercomputers [10] but they suffer from microsecond-scale reconfiguration
times which makes them an inappropriate choice for big-data application. The main challenge
is still in the development of technologies and architectures of optical-networks which can
deliver aggressive bandwidth and latency goals.

The photonic switch technology offers unique capabilities that overcome pin-count and
power dissipation limitations of electrical networks to deliver the required bandwidth of
multiple terabytes per second.

Silicon photonics integration technologies exploit highly developed silicon
manufacturing infrastructure, based on the adaptation of fabrication infrastructure for
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electronic integrated circuits. This ensures low cost and mass production. High refractive index
contrast of silicon enables implementation small footprint optical circuits. Of course, there are
some limitations of silicon photonics technology, e.g. light sources are based on InP technology
which requires heterogeneous integrated blocks.

Optical switch matrices for data center should allow the connection of an input port to
an arbitrary output port. Port count should be as large as possible, however loss and crosstalk
increase with the number of ports and matrix complexity limiting scalability.

One of the mechanisms used for optical switching is related to an index change in the
refraction of optical waveguides in switching cells. This index variation causes a change of
signal direction from one input port to a selected output port.

There are two common physical effects used in silicon photonics optical switching
devices: plasma dispersion effect and thermo-optic effect. Response times are quite different,
i.e. with the plasma dispersion effect, reconfiguration time is in nanoseconds scale, while with
the thermo-optic effect it is in the order of microseconds. Plasma dispersion effect, also called
free carrier dispersion effect, used in optical switches, utilize the variation of the refractive
index in an optical waveguide influenced by the variation in the free carriers concentration.

By changing waveguide refractive index, optical loss is also affected by generated free
carrier absorption. These two effects are coupled by the Kramers-Kronig equation. Plasma
dispersion-based switches are implemented as p-i-n junctions operating in forward mode,
where waveguide is formed in intrinsic region, in between highly doped p- and n-regions. Free
carriers are injected in the intrinsic waveguide area, by forward-biasing the p-i-n junction
varying refractive index of the waveguide. Time response of this effect is limited by the carrier
diffusion time in the injection area, typically in the nanoseconds range.

The optical switch used in presented matrix is based on thermo-optic effect, which is
the topic of this research; therefore it will be analyzed in detail in Chapter 2. The thermo-optic
effect is low loss and it is used in optical waveguide switching cells for tuning and switching
with very low insertion loss. However, the response time of thermally controlled switches is
limited by the heat diffusion process.

Micro-electromechanical system (MEMS) switching cell represents a completely
different mechanism for switching in silicon monolithic integrated technology based on
physical movement of optical waveguides driven by electrostatic actuators. This technology is
widely utilized in consumer electronics gyroscopes and accelerometers in cell phones. The
reconfiguration times of this kind of optical switches is typically in the range from 1 to 100 ps.
MEMS-based optical switches have large scalability but low reliability, they usually require
complex driving circuits, increasing manufacturing costs [11].

In order to achieve small footprint of entire optical switch network, very high density
of photonic integration coupled with 3D integrated electronic IC packaging technology is
necessary. Each optical path must allow parallel transmission on multiple wavelengths from
source to destination in an optical switch plane.

Researcher applied silicon photonics technology to demonstrate 4 x 4 and 8 x 8 port
switches with monolithically integrated driver circuits. The switch operates over a large
spectral bandwidth with reconfiguration times in nanosecond scale and power dissipation in
milliwatt-scale [6]. The challenge of this approach is to scale the number of switch ports, while
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difficulties are mainly induced by insertion losses in switch elements, wavelength crossings,
I/O coupling, and routing.

Semiconductor optical amplifiers (SOAs) can provide amplification gain over a broad
spectrum and multiwavelengths such as Indium Phosphide (InP) optical gain elements.
Integration into switch planes is feasible since they can operate with low power dissipation and
small footprint. Since SOAs have an active function, a switch driver and control IC should be
dedicated to provide electrical power and control for the SOAs.

The design and realization of optical switch matrix with high bandwidth and a high
number of ports have numerous packaging challenges. Integration of multiple and different
photonic and electronic functions as well as optical coupling. 3D integration of flipped EIC
and PIC chips is the packaging approach wherein both photonic and electronic chips are
independently optimized for performance, reliability and yield.

Oracle’s [12] and ST Microelectronics [13] integrate photonics and electronics chips
through face-to-face micro-bump or copper pillar bonding. This approach enables optimized
electronics and photonics but with the price of high interconnection parasitics which limit the
link performance. One way of reducing this interconnection parasitics is to establish connection
through tight-pitch shallow through-oxide vias(TOVs). First the photonic SOI wafer is oxide
bonded with the CMOS wafer, then the substrate of the photonic wafer is removed and the
connections between the CMOS wafer and the photonic wafer, TOVs are inserted [14].
Estimated parasitic capacitance of the TOV is around 3 fF, while the capacitance of the micro-
bump/copper pillar interconnection is 10-15 times larger. The UC Berkeley team developed a
through silicon via (TSV) approach for 3D integration electronic and photonic chips. TSVs
have more than an order of magnitude larger parasitic capacitance than TOVs because via must
traverse the thick silicon substrate rather than thin oxide layers. Very high density of 3D
integration, with the pitch of 2-3 um is achievable with TSV technology [15], and with the
pitch of 4 um with TOVs [16].

There are basically two approaches for integrating photonics with electronics. One
approach is hybrid assembly and the other approach is monolithic integration. IHP is
developing new monolithic ePIC technology, photonic BiCMOS, integrating high-speed
heterojunction bipolar transistors (HBTs) together with photonic integrated circuits based on
CMOS process. The integration of BICMOS transistors with photonics is favorable since
complex real-time mixed signals systems require huge digital cores, typically implemented in
scaled CMOS technologies. Various bipolar transistor families with maximum transit
frequencies up to 190 GHz are offered for the design of high-speed analog circuits. This
monolithic technology platform is offering broadband silicon photonics devices such as Ge
detectors — lateral PIN diode, depletion type Mach-Zehnder modulators and waveguides. The
baseline BiCMOS technology for the integration of photonics is a 0.25um technology.
Backend-of-line (BEOL) interconnect metals are used for connection photonic devices and
electronic circuits, eliminating parasitics of pad capacitance and bond-wire inductance. On the
other hand, BEOL interconnection between photonic and electronic circuits is economical in
comparison to the approaches where electronics and photonics chips are fabricated
independently and then packaged [17], [18], [19] and [20].

Researchers from IBM have developed 90 nm CMOS-integrated Nano-Photonics
technology where analog and mixed signal circuits are integrated with optical components such
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as modulators, photodetectors and wavelength division multiplexing (WDM) filters. A set of
passive nanophotonics components integrated into the shallow trench isolation include optical
waveguides, directional couplers, WDM filters and vertical grating couplers while a set of
analog nanophotonics features includes modulators which require shallow silicon etch and
waveguide-integrated Ge PD. Silicon transistors share the same silicon layer with silicon
nanophotonics devices. The single-die 25 Gb/s multi-channel WDM optical transceiver built
in this technology is demonstrated in [21]. The technology is aimed for building single-chip
transceivers with the size of 4x4 mm? which can transmit and receive over Terabits per second.
The technology is also developed for building a supercomputer that can perform one million
trillion calculations or Exaflop per second as a part of Exascale computing program [3].

The motivation for the exploitation of silicon photonics was driven by three main
reasons. First, silicon substrates for the fabrication of active photonic devices are two orders of
magnitude cheaper in comparison to traditional III-V substrates. Second, silicon photonics
manufacturing infrastructure is based on CMOS electronics technology. Third reason is that
photonic devices made in silicon allow integration with high-performance electronics [22].

Most important demonstrations system developed in EPIC device fabrication
techniques will be described in the following section. The EPIC team from MIT developed a
wideband RF channelizer in monolithic technology. Silicon photonics and CMOS electronics
were employed in a 150 nm CMOS process. Luxtera team constructed a 4 x 10 Gb/s transceiver
for chip-to-chip communication. Hundreds of thousands of transistors were monolithically
integrated with tens of optical components. A team composed of Berkley, MIT and the
University of Colorado demonstrated a link between a dual core processor and memory. The
chip consisted of 850 photonic components and 70 million transistors. Memory bandwidth of
5 Gb/s was achieved at 1.3 pJ/bit [23]. Researchers at Ghent University developed a first-ever
electrically driven, completely optical flip-flop. This is a big step to the creation of optical
memory on a silicon platform. The technology used includes heterogeneous integrated InP
membranes on an SOI platform. A single microdisk laser is coupled to a SOI wire waveguide,
demonstrating electrical power consumption of a few milliwatts, switching time of 60 ps with
1.8 I optical energy [24]. Large-scale nanophotonic phased array with over 4,000 photonic
components was the most complex integrated photonic chip. A static optical phased array of
64 x 64 emitters combined to produce the MIT logo in the far field [25]. The MIT team is
working to deliver a fully integrated, LIDAR system in the chip size of 10 mm? [22]. US
Berkeley fabricated a demonstration system for LIDAR, but focused on electronic-photonic
sub-systems, not on non-mechanical beam-steering. The two chips, electronic and photonic
chips, were fabricated in different processes and later integrated via TSVs. The electronic chip
was fabricated in 180 nm process, while the silicon photonics chip was fabricated in 250 nm
technology. The photonic chip contained a Mach-Zehnder interferometer and photodiodes
realized on a chip area of 9 mm?. The result is an 8 pm root-mean-square error at a target
distances of 50 mm [26]. All these project results are illustrating rapidly growing maturity of
silicon photonic technology.

Silicon comes up short with optical power handling and optical nonlinearities. On-chip
gain for optical amplification and lasing is the main missing component of silicon photonics.
This limitation of silicon could be broken through heterogeneous integration of III-V light
sources and amplifiers with silicon photonics, silicon nitride passives, and high-performance
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CMOS and GaAs driver circuits. A variety of optical components has been enabled by co-
integration I1I-V active media with low-loss silicon photonics. These devices often exceed the
capability of a single material. An example would be hybrid Si/III-V semiconductor lasers. By
integrating the InP gain medium with silicon photonics technology, a world-record
semiconductor laser linewidth of less than 1 kHz has been achieved [27]. The heterogeneous
integration approach was also expanded to integrate high-performance electronics chips built
from materials such as GaAs and InP.

Vertical-cavity surface-emitting lasers, VCSELs, are used to generate the light signal
which is used in most optical transmissions today. In typical optical networks each optical
transmission cable needs its own VCSEL and the complete network system consists of a large
number of cables needed for the interconnection of all components. From economic reasons it
is clear that this approach is not justified. Using optical modulators deeply integrated with the
other silicon components in different types of optical interconnect is an example of a better
approach, i. e. the cost of expensive lasers is amortized for several optical channels. Researches
are building integrated silicon photonic components which can modulate a laser’s signal and
transmit data down each optical fiber. This direction of integrating several functions into a
single photonic component is more efficient than having several different components
connected with cables or wires [2].

The MIT team developed an entire library of silicon photonic components, which
consists of silicon and silicon nitride waveguides, germanium photodetectors with 1 A/W
responsivity, lasers and amplifiers, as well as Mach-Zehnder modulators and tunable filters.
The components are developed as parameterized cells (p-cells) at various levels of abstraction.
Together with electronic devices these photonics components are combined in photonics-
CMOS process design kit (PDK). Verilog timing models of both photonic and electronic
devices are included in this PDK [22]. ST Microelectronics also developed highly-
sophisticated photonic technology starting with the 300 mm SOI wafer, featuring 310 nm
thickness of silicon with a wafer to wafer SOI tolerance of = 1.85 nm. The thickness of BOX
is 720nm. Models and p-cells of devices designed in this technology are integrated into a PDK
fully compatible with standard EDA tools. Also, simulation of 3D integrated electrical and
optical devices are included [13]. STM demonstrated a 3D E/O transceiver at 56Gbps designed
in this PIC25G photonic technology platform [28]. Development of these PDKs give us the
capability to design mobile, compact, robust, chip-scale EPIC systems contrary to the large,
bulky and expensive systems developed in the laboratory environment.

With described photonic passive and active devices, power amplifiers and memory
elements developed in silicon photonics we should have all the elements necessary to build a
complete processor in silicon photonics. Their computation power will significantly exceed the
performance of standard CMOS processors. The new era of silicon photonics processors is
about to come soon.
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1.2 Research Goal

There are several research goals which drove the writing of this thesis. The main goal
of this research is to develop control circuits for driving photonic components with high power
efficiency. In this work, a highly integrated photonic chip, with over 1000 optical functions, is
3D-integrated on an electronic IC (EIC). One of the research goals is also to reach high density
of optical functions per mm?, i.e. the target was 1000 optical functions on 21 mm?. This
integration level is very high, including the waveguides crossings number of optical functions
per mm? which is 200 in the area of switch matrix. The function of EIC is to control all the
photonic switches in the photonic chip. Both integrated and additional discrete electronics had
to be designed properly to satisfy the constraints in terms of power consumption, power
efficiency and packaging size of the proposed device. All the steps in the design process of this
device are discussed in this work.

The photonic switches are brought into resonance by heating resistors, integrated in the
photonic chip. One of the central topics of this research is the developing of different
approaches to heater control: analog, digital or analog-digital ones had to be investigated in
terms of power efficiency, resolution and scalability. Two chips designed in different
technologies, photonic and electronic, are 3D integrated via micro copper pillars. The BCD
180 nm technology was available for the design of EIC. Core circuit blocks such as OTAs,
sample&hold circuits, current-to-voltage converters (TIAs), analog-to-PWM converters, Gray
counter, registers, SPI interface, multiplexers and an 8-bit DAC were properly designed and
optimized in this technology to meet the requirements driven by photonics specifications.
These blocks are contained in a complete multimode ring resonator heater control EIC with
more than 800 heater control cells. The switching matrix has 768 elements; therefore efforts
have been made to optimize the design of a single driving heater control cell which is further
replicated. Also, design of transimpedance amplifier is optimized since it is replicated 84 times
for the corresponding monitoring photodiodes placed at key points in photonic chip.
Technology limitations such as maximum speed of counter clock necessary for the generation
of PWM signal and minimum size of matrix cell area were investigated. The possibilities of
scalability of presented solutions by using smaller technologies for the design of EIC were also
a focus of this research.

The characterization of different types of microring resonators designed in a photonic
platform is also investigated with different control approaches implemented in electronic
circuits. Special minimatrix test structures were used for this purpose.

Table 1-I First estimation of power consumption of EPIC device /1]

Circuit Max power [mW] Number of circuits
MR resonator in OFF state p 752
MR resonator in ON state 15 16
Interleaver 70 12
AWG 150 8
EIC 1000 1
Total 5000
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Another major challenge is the design of a compact package of a device capable of
conducting heating power of 5 W according to Table 1-1. The main dissipation is coming from
PIC, so the cold side Peltier cooler is attached to the substrate of PIC while hot side is connected
via metal sheets to the heatsink of the package. Power dissipation of a complete EIC chip,
placed above PIC, has to be minimized in order to reduce the influence of heat transfer from
EIC to PIC, as well to the air inside the package. Efforts have been made to design proper
package heatsink, rather than use an additional fan for cooling. The challenge of packaging is
to simultaneously satisfy electrical, optical, and thermal design requirements on a small-
footprint device, while paving the route to scalable commercial implementation.

Two control loops are implemented in the ATMEL ATXmega microcontroller. One
loop is for controlling and monitoring the state of ring resonators. The second loop is for the
regulation of the temperature of the EPIC device by driving a thermo-electric cooler since the
photonic circuits are very temperature sensitive.

The comparison of control approaches in terms of power consumption, electronic
characteristics and scalability and further improvements are also discussed at the end of this
work.

1.3 Related Work (State of the Art)

Optical transport networks are evolving to sustain the increase in the traffic demand and the
technological bottlenecks and operational rigidities that are still present in current optical
switching nodes of the metro and core transport networks. These limitations will be removed
to allow a reduction of operational costs, permit the optimization of transport resource
utilization and support re-routing functions in the event of faults in a cost effective manner.
Next generation reconfigurable add and drop multiplexer (ROADM) will be provided with
flexibility at the end points where the transponders are interconnected to the switching node
and there, the rigid wavelength multiplexers and demultiplexes will be replaced by transponder
aggregator switches (TPA). Although commercial TPAs have been implemented using the PLC
(Planar Lightwave Circuits) technology [29], [30] and recently, a new TPA architecture
integrating a number of wavelength selective switches using a combination of spatial and
planar optical circuits (SPOC) has been presented in [31], author thinks that VLSI technologies,
and in particular silicon photonics, are more attractive for cost, size, energy efficiency and
performance reasons. A silicon photonics based TPA has been already demonstrated in [32]
but it is based on a multicast switch architecture and needs additional external tunable optical
filters or coherent receivers to select the proper wavelengths at the transponder input.

IRIS switch is a wavelength selective TPA implemented with silicon nano-photonics,
working without the need of additional external components (like tunable filters). The TPA
presented here allows colorless (add/drop switching structure is not color specific),
directionless (a wavelength can be added/dropped to/from any direction), and contentionless
operation (adding/dropping in one direction does not produce contentions for other directions).
[33] It has the highest level of scalability and miniaturization, being based on very small SI
micro-ring (MRR) switch elements, but its circuits also present the drawback of being
polarization sensitive and its final design should adopt polarization diversity architectures to
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achieve a low polarization dependent loss (PDL), as required by most of system applications.
The presented device can be used either as add TPA or drop TPA and it has four line ports for
reception or transmission toward the network and eight local ports for adding or dropping local
wavelengths.

In drop configuration, a comb of wavelengths received from the network is
demultiplexed in two stages, first by interleavers, and second by array waveguide gratings
(AWGs), prior to entering the optical crossbar matrix (48x16) of MR switch elements where
individual wavelengths are switched to the drop ports. In ADD configuration, the wavelengths
to be added to the network, connected to the add ports, are individually switched by the optical
crossbar matrix toward the proper output multiplexer before being sent to the output line port.

A comparison with commercial and new types of TPA is presented in Table 1-I1.

Table I-11. Performance summary and TPA comparison with recent publications /33]

This work: 4x8 Silicon | 8x8 Enablance 8x8 Splitter- 8x24 SPOC TPA 8x8 Silicon
Integrated TPA TPA [29] Switch TPA [30] [31] Integrated TPA
[32]
Architecture Matrix of Microring Multicast Multicast Switch WSS-type Multicast Switch
Resonators (MR) Switch
Technology Silicon Nano- Planar Planar Spatial and Silicon Photonics
Photonics Lightwave Lightwave Plana Optical with thicker rib
Circuits Circuits Circuits waveguides
Size (mm) 8.4x7.8 180x140x16 110x15 72x28 (front end 12x14
(packaged) only)
Loss (dB) 15 134 11.7 (average) 16.2 (average) 10.7-20.5
Response 4 6000 Tens ms range Tens ms range 20
Time (us) (not reported) (not reported)
Crosstalk -35 -40 (Switch -40 (Switch only) -20.5 -35 (Switch only)
(dB) only)
PDL (dB) High 0.4 Low (not Low (not 0.6
reported) reported)
Notes Needs tunable Needs tunable Integrated front Needs tunable
filters filters end assembled filters
with free space
optics
components

Different types of the high radix silicon photonic switch matrices demonstrated so far

are MEMS based, ring resonator based and Mach-Zehnder based. There is no reported 3D
integration like the one on IRIS project in the literature so far. IBM used the approach based
on monolithic integration of CMOS electronic with all photonics in the same chip for switch
matrices [34]. They demonstrated only a 4x4 switch but with intention to use this technique
with larger matrices.

In [35], a 32x32 switch matrix based on Mach-Zehnder switching cells is presented.
For the integration, they have used a ceramic LGA (Land Grid Array) interposer that converts
the pad arrangement on the chip with 180 um pitch into 500 um pitch LGA array of pads which
are further connected to a mother board where electronic circuits are placed.

An 8x7 switch matrix based on micro-ring resonators controller by heaters is presented
in [36]. The heaters are wire bonded to the pads placed at the periphery of the PIC and it is
clearly not a scalable solution.
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Scalable silicon photonic MEMS switch uses the technique of routing electrical
contacts to the edge of the chip for access to wire bonding [37] it looks simpler than [35] and
[36] approaches, but it does not allow for high density interconnection and does not look like
a promising candidate for mass production.

This is first time that a complete EIC ASIC for control of the switches is developed so
far for a big matrix since the demos were focused on the PIC not on electronic circuits. In these
demo PICs switches have been controlled with external voltage/current sources with the only
purpose to verify optical performances (loss, crosstalk, time response etc.). In [34], there are
the details of the monolithically integrated CMOS logic and switch drivers used by IBM to
drive the 4x4 MZI switch matrix with nanosecond response time. Their matrix is very fast since
it is targeted for optical packet switching, not circuit switching using electro-optic effect instead
of a thermo-optic effect like in IRIS. A single tunable silicon photonic ring modulator with
integrated ultra-efficient active wavelength control is presented in [38]. The fine tuning of the
ring resonance to a desired wavelength is controlled with high precision by driving the current
through an integrated metal resistor. A 15-bit DAC with a current output, realized on area of
650 um?, is used to drive the resistor with maximum output power of 8 mW.

In conclusion, IRIS switch matrix is the first real demonstration of 3D integration of a
PIC optical matrix with an EIC control ASIC. The IRIS project is a real technological
advancement for the high integration scale, for 3D integration and high energy efficient EIC.
However, the device is not yet mature for a system application due to polarization sensitivity
and losses, but it represents a big step forward.

In Data Centers, hundreds of processors are interconnected with data storage servers to
process the data with high bandwidth. IRIS optical switching device finds purpose as switch in
data exchange between the nodes. Besides data centers, IRIS optical switching device is aimed
to find application also in 5G networks, optical transport networks, and high performance
computing [1].

1.4 Thesis Organization

Chapter 2 begins with the architecture of optical switch matrix and the description of the
photonic components used in optical switch matrix and then progresses towards deriving
specifications for control electronic circuits. The chapter ends with a description of
characteristics of Ge monitoring photodiodes used for monitoring states of ring resonator
switches and temperature measurement.

Chapter 3 is dedicated to the technologies used for the design of electronic and photonic
chips. Also, the process of 3D integration of these two chips is described.

Chapter 4 deals with the packaging challenges and setup for the measurement of EPIC
device. Three techniques for driving a thermoelectric cooler are investigated. Implementation
of the control loop for setting heater power, monitoring photodiodes and regulating temperature
in the microcontroller is also described. Electrical and photonic measurement results of the
packaged EPIC device are also presented in this chapter.

In Chapter 5 a set of techniques for the control of ring resonator heaters in photonic by
electronic circuits is developed. Circuits, simulations, measurement setup and characterization
results of three approaches, analog, digital and hybrid with and without an 8bit DAC converter,

9
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are described. Deep analysis of the advantages and disadvantages of each approach as well as
technology limitations are discussed.

In Chapter 6, conclusions are drawn and the comparison of power consumption of all
control approaches is presented. Potential topics for future improvements and research are
suggested.
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2 Photonic Components

2.1 Architecture of the System

Architecture of the integrated TPA is presented in Figure 2.1. while the block diagram of the
electronic-photonic system is shown in Figure 2.2. The same device can work in two
configuration: drop and add. Common architecture enables simply inverting the direction of
optical flows so we have the function of dropping WDM channels from input ports to local
drop ports and the function of adding WDM channels from local add ports to output ports [39],
[40], [41], [42], [43].

In the drop configuration, four sets of up to 12 WDM channels with 200 GHz spaced,
arrive at each of the four input line ports. They are coupled by single polarization grating
couplers (SPGC). Further, with Interleaver blocks, input channels are separated into odd and
even channels increasing wavelength spacing inside the switch matrix. At the same time,
channel isolation requirements are relaxed. Then, with two types of demux blocks, odd and
even channels are separated. From the output of demultiplexer the signals are sent to the
switching matrix with the optical crossbar of microring resonator switch elements. The matrix
is constituted of 4 x 12 rows and 8 x 2 columns, which are drop ports connected to optical
receivers [44]. So, the demultiplexed signal travels on a row through the switching matrix until
the cross point where it switched to the column connected to drop output port. At the cross
point the signal is coupled to the resonator, built from one or two microrings, which are
thermally tuned to the resonance with the signal wavelength. Two waveguides are combined
by Interleaver again at the drop port, one working with odd wavelengths while the other one
with the even wavelengths. Then, the drop port is coupled with SPGC to an optical fiber.

In the Add configuration, the WDM signal is added through eight tunable transmitters
to the chip coupled by the SPGC. Function of the Interleavers at each Add input port is to direct
the odd and even wavelengths to the proper columns in the switch matrix. Only the ring
resonators at the cross point with proper direction to which the signal has to be added are
activated. All the other ring resonators in the matrix are turned off. In this way, the signal is
deviated horizontally toward the output multiplexer reaching Interleaver. Again, odd and even
wavelengths are combined to the same output fiber [44].

Monitor photodiodes are placed at key points, input and outputs to enable monitoring
the function of different blocks.
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Add/Drop Add/Drop
port1 port8
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Ge Monitor
Photodiodes

SPGC
. ‘Eia— Line port 1
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,SPGC

g.,.__.. Line port4

Figure 2.1: Architecture of IRIS TPA [/44]

The function of channel interleavers is to relax the requirements of the demultiplexer.
The design is based on infinite impulse response filters composed by a ring resonator in one
branch and a Mach-Zehnder interferometer [45]. They include two independent heaters which
allow the adjustment of tuning and phase balancing. Both heaters are controlled by the EIC
through copper pillars. There are two version of Interleaver block, one with equal heater
resistances of 46 Q and another one with the resistance of 40 Q and 80 Q. Power dissipation
of one Interleaver block is expected to be 70 mW.

After the channels are interleaved, the signals are further demultiplexed by Arrayed
Waveguide Gratings (AWGs) to enable switching of each channel independently [46], [47] and
[48]. The AWG is designed with the channel space of 400 GHz. Insertion loss is < 3 dB, and
channel isolation is > 25 dB. These devices include the so-called “whiskers”, i.e. waveguide
extensions at the unused boundaries of the star couplers to reduce back-reflections [44]. The
temperature-dependent wavelength shift of the waveguides is experienced by the AWG.
Special design techniques based on negative thermo-optic coefficient were used in order to
reduce thermal shift [49] and [50].
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Fine-tuning of the AWG channel-output is provided by four metal heaters placed over
the structure of AWG to allow equal heating. The current through each of the heaters should
not exceed the maximum value of 47 mA. Resistance value of the implemented heaters is
38.2 Q, and the expected power consumption of one AWG block is around 42 mW. Each of
the four heaters is independently controlled by the EIC through copper pillars. FSR (Free
Spectral Range) of the AWGs is around 24 nm whereas one of the ring switches is 19 nm. Both
ring switches and the AWGs are periodic. Micrograph of the PIC full matrix chip with the main
blocks marked is presented in Figure 2.3.

Passive photonic components, such as waveguides, waveguide crossings, and grating
coupler structures are also a part of the presented photonic device. They are marked on the
micrograph of PIC, shown in Figure 2.4.

; sample & hold
data signal for actual

switch switch heating power
g’ 3 off 9 a* active analog comparator
= % ‘= 5 for PWM
eneration
25 £ :
% % % % driver
wavelength wavelength 7
] §
o0 K _wu?i/ matrix| matrix| matrix
= ? h S cell | cell | cell | O
> ) . : —1 o
© S | WD 5 matrix| matrix| matrix =
g © _f._';) cell | cell | cell o
- ——
[} = W W WG matrix| matrix| matrix| &
Yy— ] ) i
= c v " w/& cell | cell | cell %
o X @© heatingresistors
s =R |
(&) E -S_ phOtOﬂIC IC addressing:
: arallel
% O electronic IC_~7 et
L] micro-
controller
Interleavers
_ photonic and electronic IC
photonic IC are connected via inter wafer connects

Figure 2.2: Block diagram of the complete EPIC device, with implementation of improved
hybrid approach for control of heaters in PIC /51]
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Copper pillar

<4—PIC PAD

Figure 2.3: Micrograph of PIC full matrix chip with marked main blocks /33/

* Ge photodiode

Cu pillar pad

Waveguide

Figure 2.4: Zoomed in micrograph of PIC with Germanium photodiodes, fiber grating
couplers, waveguide and copper pillar pad
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2.2 Principle of Thermal Switch, i.e. Ring Resonator Switch

The principle of a single ring resonator optical switch shown in Figure 2.6 is based on the
thermal change of refraction index.

To find out the tunability of the switch we have to start from the ratio between the
applied dissipated power Pp and the corresponding resonance wavelength shift AA [52]. If we
introduce the average temperature variation in the ring as AT in the ration, we can write the

following equation:
Pp _ Ppar
Ar T AT AX (1)

In the following equation Z—? stands for the transfer of heat from the heater to the ring-
_ o . . AT, .
resonator per unit time and it is efficiency dependent. Ration i dependent of the optical

. . . . . Pp . . .
properties of the ring with temperature variation. Ration ﬁ increases with the increase of the

cross-sectional area (the area which is perpendicular with the path of the heat flow) and it is
reversely proportional to the distance between the heater and the ring. Of course, thermal
conductivity of the material between the ring and the heater is directly proportional to the heat
transfer.
The following equation give us the relation between the resonance wavelength shift AL
and the temperature variation AT:
A4 _ 1 ey Sncore | SMess Snctad ) AT, 2)

A ng 6ncore 6T | Sngaa ST

In this equation A is the resonant wavelength of the ring resonator, nefr is the effective
and ng is the group index of the mode. Variations of the effective index with respect to the core

én on . .
Il and —<L, respectively. Quotients
SNcore Nclad

Sncore

and cladding refractive indices are marked with

1) . . . én on,
and % are refractive index changes respect to the temperature. Quotients ff and —LL

Ncore 8nclad

n én
=22 and ;;ad depend on

.. . ) )
the characteristic of materials. In SOI technology, the values of n;;” and n;;“d are 2- 10‘4%

. o )
are dependent on the core-cladding refractive index contrast, while

and 1-10%.
For TE (transverse electrical wave) fundamental mode at A=1550 nm, on applying
Oeff and SMef o

cylindrical mode solver, the computed values of n ¢, ng, re:
Y p eff>"g SNcore SNclad
Sness Snesy
Ness = 2.37, ng=3.8, P 0.25 and P 1. (3)
core clad
Calculated free spectral range of proposed ring resonator is then:
2
FSR = 21'[);2’11 = 20.12 nm. Where R is ring radius with the value of R=5 pum.
g

When we replaced the calculated values from Eq. (3) to Eq. (2) we got a wavelength
shift of 0.0833 nm (which corresponds to a frequency shift of 10 GHz) for a temperature
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resolution of 1 °C (or K). Dependence of resonance wavelength shift versus temperature
variations is shown in Figure 2.5.

Resonance wavelength shift vs. temperature
20 '

—AA [nm] = 0.0833 AT [°C]

0 50 100 150 200 250
AT [°C]

Figure 2.5: Function of resonance wavelength shift of the thermal tuning /52/

2.3 Single vs. Double Rings

The micro-ring-resonator switch is the most important element of the matrix [53], [54], [55],
[56]. It requires very high channel isolation (>35 dB), low insertion loss, and energy efficiency
[57]. Single micro-rings or higher-order filter built from cascading several micro-rings could
be used. The examples of geometries are shown in Figure 2.6. The main advantage of the single
micro-ring is lower power consumption, since only one micro-ring has to be tuned by heating.
However, specified minimum channel isolation (35 dB) is not achievable with a single micro-
ring. A filter made with two micro-rings can fulfill the required channel isolation with the very
narrow channel width of 14 GHz at 1 dB. The price is paid with double power consumption,
due to the fact that two elements need to be tuned. In addition, a filter of the second order
requires identical optical paths in both rings, which is difficult to be fulfilled since fabrication
deviations introduce asymmetries either in heater geometry or in the waveguide. This requires
independent heating of both micro-rings.
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Single ring Double ring

)

— —»

Figure 2.6: Single and double micro-ring geometries [44]

The fabricated single-micro-ring, is fully-etched circular ring with the radius of 5 pm
and the width of 480 nm. Curved couplers are used, as with straight couplers it is not possible
to achieve such a high coupling coefficient [58]. On the other hand, the double micro-ring
consists of two fully-etched racetrack resonators with straight couplers and the coupling length
of 2.2 pm.

2.4 Ring Heaters used in Photonics IC

The best fabricated integrated double ring heaters had the power consumption of
~35mW/FSR/ring, while the best metallic double ring heaters consumed ~22mW/FSR/ring
[59]. So, the metallic heaters are more efficient [60].

The results from the ring characterization showed a good filter response and good
tuning range and efficiency. In particular, tuning range was about 15nm (aimed 11nm), and
consumption was about 22mW/FSR/ring for the double-ring filter, while tuning range of 1 1nm
and 28mW/FSR was met for the single ring heater, all above the specified minimum of 8nm
[59].

The characteristics of the different heater types are listed in Table 2-I, for applied
voltages of 1.8V and 5V.
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Table 2-I Integrated heater performance for applied voltages 1.8V and 5V. [52]

Structure Vv Imax(MA) | P= R(Q) AT (°C) P/ AT P/AN P/FSR

(\) V*max (uW/°C) | (mW/nm) | (mW/FSR)

(mWw)

Basic (MMR- | 1.8 0.603 1.08 2985 10 107.0 1.28 25.8
NoC)
Basic 1.8 1.599 2.879 11254 23.96 120.15 1.4418 28.8360
Optimized
Internal 1.8 4.738 8.529 379.9 73.14 116.61 1.3993 27.9864
heater

Interdigital 1.8 | 24.159 | 43.487 74.5 368.63 117.97 1.4156 28.3128
contact

Metallic 1.8 16.66 30 108 240 125 1.42-1.66 30
heater
Integrated 1.8 9.66 17.34 186 108 160 1.92 37.5
silicide
heaters
Basic 5 4.443 22.214 | 1125.4 | 184.88 120.15 1.4418 28.8360
Internal 5 13.161 | 65.807 | 379.9 564.35 116.61 1.3993 27.9864
heater
Interdigital 5 67.114 | 335.57 74.5 | 2844.34*% | 117.97 1.4156 28.3128
contact

*too high temperature, since the melting point of silicon is at 1414 °C

The corresponding values for Table 2-I for the applied voltages of 1.8V and 5V are
calculated applying the following equation [52]:

_@n? _ ar
" R R

Py (4)

in which R represents electrical resistance, while R represents thermal resistance.
From Eq. (4) we can derive an expression which describes the resolution of voltage in
dependence of temperature spacing:

AT

AV pin = AVipay - ATax.

(5)
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2.5 Ring Resonators with Metallic Heater

The TiTiN metal layer used for the metallic exhibits a very uniform sheet resistance of
6.3+£0.3 ohms/square. The total resistance of the heater is about 100Q , but the value increases
with respect to the voltage or current supply (see Figure 2.7). Up to a voltage supply of 2.5V,
the heating power reaches 40mW which allows for tuning the ring over more than 1 FSR
(19nm). This means that the thermal shifting efficiency is in the range of 0.6-0.7nm/mW.

The resistance of the metallic heater varies with the different applied currents as it is
shown in Figure 2.7 (left). This is also reflected to the characteristic of heating power in
function of voltage supply, shown in Figure 2.7 (right). If heater resistance is constant, PWM
approach of driving it would give us linear dependence of heating power with duty cycle (D)

2
by equation P = D -%.
_ 2
However, heater resistance is the function of power P = D -% , and the control
variable, duty cycle, can then be calculated with the following formulae: D = P - I;(f ),
dd

170
50
160 45
150 [0
a
T8’140 2 30
c =25
3130 53320
w
2120 S 15
10
110 5

100 0
0O 2 4 6 8 10 12 14 16 18 0 05 1 2 25 3 35
Current through the heater (mA) Heater voltage (V)

Figure 2.7: Heater resistance as a function of current supply (left) Heating power with
respect to the voltage supply (right) /59]
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2.6 Minimum Resolution and Maximum Range for Tunability for
Resonance Wavelength Shift

Since AT is proportional to the AV? we can derive the minimum and maximum voltages
necessary for minimum resolution and maximum tunability of the ring resonator.

Frequency spacing (resolution) is connected with wavelength spacing (resolution) with
the following relation Av=c*AMA?. Replacing the values for wavelength of 1550 nm, we have
Av=1.25€20-AA. Putting relation between wavelength spacing and temperature spacing,
AT[°C] = 12 - AA[nm] we can fulfill Table 2-II:

Table 2-11: Resonance wavelength shift, resonance frequency shift and temperature variation /52/

AT [°C] AN [nm] Av [GHZ]
Resolution 0.12 0.01 1.25
Resolution 0.24 0.02 2.50
ITU grid x1 9.6 0.80 100
ITU grid x2 19.20 1.60 200
ITU grid x4 38.40 3.20 400
1 FSR (20 nm) 240 20.00 2500

Combining the resonance wavelength shift from Table 2-I with Eq. (5) we can
calculate the voltage necessary to be applied for the corresponding wavelength shift. The
results are shown in Table 2-III.

Table 2-11I: Resonance wavelength shift with respect to the temperature and applied voltage of 1.8V [52]

Voltage resolution, AV [V] Frequency Temperature
Basic Full Interdigital shift space
Av [GHz] AT [°C]
Resolution 0.1274 0.0729 0.0325 1.25 0.12
Resolution 0.1802 0.1031 0.0459 2.50 0.24
ITU grid x1 [63] 1.1394 0.6521 0.2905 100 9.6
ITU grid x2 1.6113 0.9222 0.4108 200 19.20
ITU grid x4 NA 1.3042 0.5810 400 38.40
1 FSR (20 nm) NA NA 1.4524 2500 240

*NA — not applicable, since the maximum applied voltage is 1.8V

According to Eq. (5) and the values from Table 2-III we can make a conclusion that for fixed
wavelength shift AA, minimum wavelength shift (resolution) increases proportionally with the
applied voltage and also has larger values for larger values of heater resistance. However,
higher resistance limits the tuning range ATmax, and resolution of the applied voltage is

. . . 1 . :
inversely proportional to it: NS Ideally, for this purpose, the resistance of 230 Q would

give us the tuning range of 240 °C (20 nm) for the applied voltage of 1.8 V. So, for resistances
of the heater lower than this value we have a larger tuning range that is necessary, and for the
same resolution the voltage step, LSB, will be smaller.
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Of course, maximum applied voltage depends on the chosen technology for the design
of electronics. BCD8sp technology has the fastest transistors with the minimum voltage of 1.8
V, and also, slower 5V transistors are available (see Chapter 3). For PWM control of heaters,
the resolution of the applied voltage is calculated using the following formulae:

_— AVmax
AVmin_ on 7’

in which n represents the number of bits. So, for 8 bit resolution we have the voltage step to
apply of:

1.8V
AVpin1gv = 8 = 7mV,

WVoninsy = 25 = 19.5mV,

for 1.8 V and 5 V, respectively.

2.7 Transient Analysis of Ring Resonators

For computation of requirements for minimal PWM frequency for the control of microrings
and resolution some assumptions should be taken. The first assumption taken is that the

temperature has the first order response which is described by the following equation [62]:

t_toff
AT(t) = AT gy - [1 e ]

(6)

The electrical switch is considered to be ideal. The worst case time constant t for all
heater structures is 3.30 ps [52]. Zero value of PWM signal (duty ration of 0) corresponds to
off state, i.e. no current through the heater of the microring, and the duty ratio of 1 means that
the current is applied to the heater for the entire period.

Figure 2.8 shows the results of simulation for peak-to-peak temperature ripple vs. duty
ration of PWM signal, for different frequencies of PWM signal (fewwm) for the PWM approach
of thermal regulation of ring resonators. For this purpose, tuning range was set to be from 0 to
96 °C, which corresponds to 8 nm. This means that when duty cycle of PWM signal is 1, we
have AT=96 °C. As we expected, temperature ripple is the largest in PWM duty cycle of 0.5,
i.e. the case when PWM signal is symmetrical rectangular signal, shown in Figure 2.9.
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Figure 2.8: Temperature ripple induced by PWM control, dependence of duty cycle and
PWM frequency for tuning range of 8 nm /62]
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Figure 2.9: Temperature ripple vs. duty cycle for different PWM frequencies /62]

Simple analytical relation between fpwm and Tripple,pp can be derived for this worst case [62]:
1
1—e 2fpwmT
Tripple,pp = AT jax 1 (7)
1+e 2fpwmT

With Eq. (7) we can plot Figure 2.10. Temperature ripples for the tuning range of 8nm
are shown. In the same figure, Figure 2.10, minimum temperature steps for three different
tuning resolutions (Avi=1 GHz, Avi=4 GHz, Avi=10 GHz,) are shown.
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Figure 2.10: Temperature ripple depending on the PWM frequency for PWM duty = 0.5 for
different tuning resolution /62]

From Figure 2.10 we can calculate cross sections which define the area in which we
have temperature ripple lower than the maximum given temperature ripple (that corresponds
to wavelength ripple) for the tuning range of 8nm. In Table 2-IV the necessary PWM
frequency, fewm, the necessary number of bits for PWM and the resulting counter frequency
are presented. The number of bits for the PWM is chosen in a way that wavelength resolution
is smaller or equal to wavelength ripple.

Table 2-1V: Wavelength ripple, required minimum PWM frequency, number of bits and
resulting counter frequency for 8 nm tuning range /62]

AN Required fewm [MHZ] # of bits for fmax [GHz]
— wavelength ripple [GHz] PWM

1 75.76 10 77.6

4 18.94 8 4.9

10 7.58 7 0.969

The values of counter frequencies 77.6 GHz and 4.9 GHz are too high for the
technology used for the design of electronics. Finally, the minimum resolution of wavelength
of 10 GHz and the tuning range of 8 nm are selected. The corresponding minimum PWM
frequency of 7.58 MHz, with 7 bits of resolution and minimum clock frequency of 970 MHz
are chosen for the design of electronic control circuits. All photonic components are designed
to have tuning ranges which could be achieved with the supply voltage of 1.8 V. This means
that the heaters of Interleavers and AWGs are split in order to achieve the necessary tuning
range with this supply.
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2.8 Transient Simulations

Figure 2.11 shows the step response of temperature after the applied PWM signal change from
the duty cycle of 0 to 0.5 for three different PWM frequencies. The zoomed in temperature
ripple for three different PWM frequencies is shown in Figure 2.12.
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Figure 2.11: Temperature transient after a step change of PWM signal from 0 to 50 for a

tuning range of 8 nm /62]
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Figure 2.12: Zoomed in temperature ripple after settling time /62
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2.9 Design of Driver Stage

Figure 2.13 shows a test circuit for the design of driving transistors. The origin of parasitic
capacitance is from copper pillar pads in EIC and PIC and its value is estimated at SOfF.

There are two criteria used for the design of the driving transistor M1 shown in
Figure 2.13.

The first criterion is to limit power dissipation on the driving transistor below 5 %. The
second criterion is to have the falling time less than 1 ns, which is a consequence of calculations
from subchapter 2.7. Regarding the first criterion, the worst power dissipation on the transistor
M1 is when heater resistance is minimum, which is the case of the heater of AWG with the
value of 38.2 Q. The same specifications of the driver are used for the design of drivers for the
heaters of the remaining photonics components, such as the heaters in Interleavers and ring
resonators.

VDD
RHEATER \Vop “t
4 copper pillar
connection 1-8VC_>
— ouT
IN s = Crwr=50FF V
M1
v v

Figure 2.13: Test circuit for design of driving transistor

Voltage drop on the turned on M1 transistor is 60 mV in case of heater value of 38.2 Q. This

gives us power dissipation of Ppyq = Vps - Ips = 60mV - % = 2.73mW while total
power consumption is:
1.8V — 0.06V
PTotal = VDD - IDD = 18V e = 819mW

38.20Q

P
EFF = 2" =330 <5%
Total
So, the criterion of power efficiency is satisfied.

In the following the rising and falling times and transient simulations of PWM signals
for the different values of heaters are presented and analyzed. Figure 2.14 shows the rising and
falling times in a function of heater resistance. The value of heater resistance is varied from 60
to 510 Q in steps of 50 Q. The yellow line shows the intersection of ideal heater resistance with
the value of 230 Q (as it is described in Chapter 2.6, for this value of heater and supply voltage
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of 1.8V, maximum heating power corresponds to the full tuning range). The green line shows
the intersection of experimental heater value of 110 €, as it can be seen in Figure 2.14. In both
cases, the rising and falling times are lower than 1 ns.

Figure 2.15 shows transient simulations for the PWM output from Figure 2.13, while
the value of the heater is varied in the same range as for Figure 2.14.

Rising and falling times in dependence of heater resistance

500
ideal heater resistance

400
. experimental = value of
a heater | resistance
E 300
":ﬁ ——riseTime (OUT)
% —fallTime (OUT)
£ 200
.Eﬁ .--'-"'"-.-_.
(2]

100 e

0

60 110 160 210 260 310 360 410 460 510

Heater resistance [Q1]

Figure 2.14: Rising and falling times in dependence of heater resistance in the range of
heater value from 60 to 510 Q (Wmi=441 um, Lmi=180 nm)
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Figure 2.15: Transient simulations of PWM output signal at the drain of M1 transistor for
the range of heater value from 60 to 510 Q (Wmi=441 pm, Lmi=180 nm)
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An investigation of drivers with 5V transistors has also been done. However, for the
same specifications, the falling time of less than 1 ns and power dissipation on driver MOSFET
of less than 5% lead to the transistor width of 1.1 mm. The minimal length of transistors up to
5V is 600 nm. These dimensions would require much more area in layout than the driver with
a MOSFET transistor with maximal drain-source voltage of 1.8V. However, in this design, the
area is limited to the cell dimensions of 100 x 100 pm?. For this reason, further design has been
done with transistors, resistors and capacitors with the voltage range of up to 1.8V.

2.10 Monitor Photodiodes

Since the system requires the adjustments of heating power for proper operation, feedback
signal from monitoring diodes is necessary in the key points of the switching matrix. The
monitors are bidirectional due to the fact that the device operates in drop and add modes,
depicted in Figure 2.16.

Monitoring circuits are implemented by the use of an integrated power splitter and Ge
monitoring photodiodes. Specified monitoring optical power splitting radio was 10%, while
maximum operating optical power range at the monitoring photodiode input was from -15 dBm
to -30 dBm.

The logarithmic I-V characteristic of Germanium PIN photodiode is shown in Figure
2.17. The dark current of the photodiode at 1V of reverse bias voltage is lower than 100 nA.
Figure 2.18 shows optical responsivity (A/W) at the wavelength of 1550 nm, the lowest value
in the range is 0.6 A/W.

Figure 2.16: Bidirectional monitor /63]

27



CHAPTER 2. PHOTONIC COMPONENTS

I-V Characteristic
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Figure 2.17: Logarithmic characteristic current vs. voltage of the Germanium photodiode
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Figure 2.18: Responsivity of Ge PIN diode (A/W) at 1550 nm /59]
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3 Technologies Used for the Design of PICs, EICs and
EPICs

3.1 Used Technology for the Design of PICs

Wafers are fabricated in a fully CMOS compatible 8 inches fab at CEA-LETI. Starting
materials are Silicon-On-Insulator (SOI) substrates featuring a 220nm thick silicon film on top
of a 2pm thick Buried Oxide (BOX) [33]. The main waveguides of photonic circuits are 480
nm width strip waveguides. A modular approach is used to build the process flow that supports
various sets of devices. The simplest process flow allows fabrication of passive devices only,
meanwhile the full process includes the fabrication of active devices such as photodiodes and
modulators, as well as tuning capability using a thermal heater option (Figure 3.1).

The silicon patterning module is the foundation for most of the photonic platform’s
supported devices. A multi-level etch is used to define the various silicon thicknesses. 193 nm
Deep Ultra Violet (DUV) lithography is used to allow the design of line and space minimum
sizes down to 120nm with an alignment tolerance as low as 20nm, which is critical for certain
devices e.g. waveguide transitions.

Photodiode fabrication is based on the selective epitaxial growth of pure germanium in
cavities at the end of waveguides. The excess material of the facetted overflowing Ge layer is
removed by Chemical Mechanical Planarization (CMP) prior to the ion implantation of the n-
type and p-type zones forming the lateral pin structure. Metal 1 connection plugs are then
defined. They land directly on doped Germanium regions.

The proposed Back End of the Line (BEOL) consists of one Al-Cu interconnection
level with W plugs and vias. An additional Under Bump Metallization (UBM) process is also
done for 3D integration of electronics on the photonics.

“
-
3 >
o EIC
&
-
° -
A Cu pillar —p> . - e
UBM ——s —
wo,— TR EBE B
\W—Plugs\
Shallow Rib  Strip Heater
7/
> PIC
Grating Coupler v ve Guides Microring  Ge PhotoDiode
BOX
Si Substrate

—/
Figure 3.1: Cross section illustration of the Silicon Photonics technology and 3D-integration /33/
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3.2 BCDS8sp Technology

BCD (Bipolar-CMOS-DMOS) is world-class technology developed by ST Microelectronics
Company for power ICs. STMicroelectronics made this BCDsP technology platform for smart-
power ICs available for prototyping to universities, research labs and design companies. This
platform is available through services provided by CMP (Circuits Multi Projects) [64].

These released BCD design capabilities for prototyping shows a growing importance
of state-of-the-art power integration for future application in high-performance fields in
computing, consumer and industrial electronics.

Figure 3.2 shows a roadmap and available ST’s BCDs technologies. ST has a unique
offer of BCD process technologies, each referring to specific application, with an optimal trade-
off between performance and cost. There are two classes: high-voltage BCD and high-density
BCD. High-voltage BCD enables reliable coexistence on the same chip of low-voltage control
circuits and very high-voltage DMOS transistors with voltage capability up to 800 V. High-
density BCD option is developed by the need to integrate more and more complex and
diversified functions on the same chip. As it can be concluded from Figure 3.2, the BCDS8sp
technology used for EIC designs is mature, but not the latest.

BCD8&sP process enables the integration of analog and logic circuits with high voltage
power components for the production single-chip devices for complex power-conversion,
power actuators and control applications. BCD belongs to a family of silicon processes and in
itself combines the strengths of three different process technologies onto a single chip. Bipolar
transistors used for precise analog designs, CMOS transistors used for digital design and
DMOS (Double Diffused Metal Oxide Semiconductor) for high-voltage and power devices.
Many advantages are obtained by the integration of these three technologies: smaller chip area,
reduces EMI and improved reliability.

It was decided in the project to use this technology for the design of all EICs, since in
the early phase of the project we did not know what voltage rates would be necessary for the
heaters in PIC, i.e. which types of transistors would be necessary for driving the heaters in
photonic devices. However, CMOS part of BCD8sP technology platform was sufficient for the
design of all electronic chips for control and drive photonics. This is also advantageous since
cheaper CMOS technology could be used for this purpose in future. Power transistors could be
used for the integration of DCDC converters with control electronics. Cadence framework was
used as a design kit for this technology.

During the project TU Wien participated in 3 commercial MPW runs. Altogether, 12
different types of EICs were designed and fabricated.

BCD technology platform with 0.16 pm node offers dense logic transistors (1.8V and
5V CMOS) and high performance analog features. The development of this technology is
driven by an increasing demand in power needs, larger current delivery, better efficiency and
a larger number of regulators in a single die. Also, BCD8sP offers very high performing power
class in the 8V to 42V range integrated in an advanced CMOS platform. For large logic cores
integration, high performance analog sections and I/Os ports, 1.8 V and 5 V CMOS transistors
are available. The process is based on a dedicated P-epitaxial growth on P-/P+ substrates with
the introduction of an N-type buried layer. The main technology modules are shared with the
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standard CMOS platform as a columnar poly-silicon, Shallow Trench Isolation (STI), cobalt
silicide and borderless contacts, as it is shown in Figure 3.3. Characteristics of the main devices
are summarized in Table 3-I for the purpose of both logic and analog application. A typical set
of capacitors, poly resistors and diodes is also a part of this process. In addition to the typical
set of standard devices, high density SRAM (3.9 um? bit size), NVM EEPROM, OTP and 5V
Zener diode are also provided. The multiple thin metal layers (3 or 4 Al/Cu) with 0.16 um
lithography pitch enables the integration of an interdigitated MOM capacitor with high voltage
and high linearity. Power devices and their characteristics are listed in Table 3-II. A wide range
of N- and P- MOS high voltage signal transistors are also developed in this process in order to
provide a complete set of devices for application such as drivers and power stages. The
availability of PMOS gives benefits in some realizations such as power bridge blocks, where
usage of PMOS as high side power stage simplifies the driving circuit reducing the need for
the charge pump and external bootstrap capacitor circuit [65], [66].

Table 3-I Characteristics of main devices [65]

Hre, s
5V NPN 40 7.5
5V IVPNP* 80 -12
18V IVPNP* 35 -34.5
CMOs
NMOS 1.8V 600 650 <20
PMOS 1.8V 550 260 <15
NMOS 5V 770 510 <1
PMOS 5V 830 250 <0.05

RESISTORS R [kQxmm?] Mismatch [%x um]
HIPO 3.1
cAPACITOREEIIIIC/A [nF/mm] T Linearity [ppm/V]

12V POLYPOLYCAP 1.2 <150

30V MOM 0.645 50
LLDiode 45 Sub loss < 1e-5

*IV: isolated vertical

Table 3-1I Characteristics of power devices [65]

Ron X area @ E=4MV/cm [mQ x mm?]
NDRIFT 8V ID* 2.8 14.3
NDRIFT 18V ID* 8.5 29
NDRIFT 27V ID* 14.2 36
NDRIFT 42V DR* 28.4 57
PDRIFT 8V 8.7 -12.7
PMOS 48V 103 -61

*ID: Isolated drain, *DR: Double resurf
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Flgure 3.2: Roadmap of ST BCD technologles [64]

Several back-end process options are available to reduce product costs depending on
the purpose. Different routing thin Al/Cu levels and last thick metal options (Al/Cu or Cu) are
offered. Thick last metal AlCu or damascene Cu layer can be used as a power metal
interconnect. For the designs of EICs, process option with 4 metal levels is used with the last
thick metal Al/Cu.

STMicroelectronics Company is a global semiconductor leader offering customers a
wide spectrum of solutions. Power, sense, smarter driving products, and embedded systems
solutions are some of them. ST’s products are found everywhere microelectronics makes an
innovative contribution to make people’s life easier and more comfortable: from energy
management to data security, across healthcare to smart consumer devices, at work, in the
home, as well as in the car and leisure [67].

Merged in one process platform

Figure 3.3: Cross-section of devices available in ST BCD technology /64/
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3.3 3D EIC-PIC Integration Technology

The EIC-to-PIC interconnection is made using micro copper pillars. Electronic wafers
are post-processed with growing micro copper pillars, as it is depicted in Figure 3.4 and Figure
3.5. Electroplating semi-additive process of a Ti/Ni/Cu metallic stack through a thick resist
mask is used for post-processing EICs. Also, on the top of the micro copper pillar an additional
layer of eutectic solder (SnAg) is deposited. The photonic wafers are processed with under
bump metallization (UBM) pads composed of an Cu/Ni/Au stack.

SnAg solder 8 um

Cu pillar 4 pm
Al pad SiO2/SiN passivation
BCB Passivation

/h

Figure 3.4: Structure of microbump implemented on the EIC wafer [68]

Figure 3.5: Detailed view of microbump /68/

The fabricated copper pillars have a Cu growth thickness = 5.07 £0.1 um and a SnAg
growth thickness = 7.3 £0.25 um [68]. The inspection after solder reflow shows a perfect
formation of the pbumps and no residue and no degradation of Alu pads on the EICs as shown
in Figure 3.5 and Figure 3.7. The process was evaluated as “high quality”: no residue, uniform
formation of the pbumps, conform post-reflow shape and no alupad degradation were reported.

This 3-D integration of EIC and PIC chips fulfills the target of integration level with
the pitch of 50 pm and less than 1 Q of contact serial resistance. The estimated capacitance of
pads and copper pillar structure is around 50 fF. This integration technology is also scalable to
the current minimal pitch of 30 um which would allow for higher density. However, in case of
this work, the limitations come for two reasons; first, thermal crosstalk between microrings
and, second, the size of electronic circuits for the control of microring heater power.

33



CHAPTER 3. TECHNOLOGIES USED FOR DESIGN OF PICs, EICs and EPICs

3.3.1 Design of Copper Pillar Pads in EIC

A detailed view of copper pillars grown on a full matrix EIC chip is shown in Figure 3.7. There
are more than 2000 bumps in total used for 3D integration of EIC and PIC chips.

nitride

opening

Figure 3.6: Copper pillar PAD on EIC

Figure 3.6 shows the layout of the PAD on which a copper pillar for the connection of
EIC and PIC will be grown. The dimensions of PIQ opening are 43.91 x 43.91 um?, while the
dimensions of nitride opening are 13.05 x 13.05 um?. Below the opening there is a metal stack
with all 4 metals and all vias. These layout dimensions are shrunk by a factor of 8% in order to
obtain the physical dimensions.

The copper pillars are placed inside the control cells and there is also a ring formed of
two copper pillars in the row. Some parts of these copper pillars rings are connected to the
GND and some to the VCC potential in the PIC chip. The same copper pillar pads was used
for each of the electronic chips designs for 3D integration with PIC.

Figure 3.7: Detailed view of mlcrobumps grown on full matrix EIC /68/
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Copper pillars for connecting the EIC chip with the PIC chip are located in the middle
of the chips (see Figure 3.7) as well as in the form of a ring all around the chip.

3.3.2 Chip to Chip Bonding

In Chapter Introduction, the possibilities of 3D hybrid integration of a chip with TSV,
TOV and copper pillars were already discussed.

In general, there are three possibilities for 3D hybrid integration depending on the stage
of bonding, as described in Figure 3.8 [69]. The third approach, chip-to-chip bonding, is used
in IRIS project.

Bonding Dicing

[— g
- Wafer to wafer bonding
S

Bonding Dicing
= —
\-_/ . .

- Chip to wafer bonding

\_/

&7
Pre-process wafers Dicing &7 Bonding
— &7 > g
&7

Chip to chip bonding
Figure 3.8: Different approaches of 3D integration of chips
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4 Packaging and Measurement of EPIC Device

4.1 Packaging (Host and Module Boards)

Two PCBs are designed for testing EPIC device. A modular approach was chosen, the
packaged device is mounted onto a host board as it is shown in Figure 4.1. The purpose of the
host board is to provide the necessary supply voltages as it is shown in the block diagram in
Figure 4.2. Peltier drivers and USB, serial and PDI (programming and debugging interface)
interfaces for monitoring, control and programming of the microcontroller inside the module
board are also placed on the host board. The locations of these components are marked in
Figure 4.1.

DC/DC converter
36V-75V input to 9V output | USB interface
® -
TEC drivers
. PWM 3 AR E P »
+ Constant voltag s
+ Constant current Connector for
module board
Supply connector 22
36V-75V -
DC/DC converter Linear regulator 3.3V

9V input to 1.8V output
Figure 4.1: Top view of host board PCB

The dimensions of the host board are 145 mm x 196.2 mm. The PCB is a design with
4 layers with the thickness of 1.6 mm. The bottom layer was used as the ground plane, while
the middle layers were used for supply planes, 9V and 3.3V.

Surface finishing is HASL and minimum spacing is 6 mils. Metal planes, on top and
bottom layers, connected with vias, are placed below the package improving heat conduction
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from the bottom side of the case frame further to the optional heatsink, as will be discussed
further.

48V
- Ericsson v Ericsson 1.8v
BMR 456 BMR 463
Input
connector power 463W Max power 82W

5v
MIC5235-5.YM5

3.3v 1.8V
LM1117-TAB TLV1318PDBVT [———

Figure 4.2: Block diagram of supply voltages used on the host board

A block diagram of supply voltages used on the host board is shown in Figure 4.2.

Module board PCB is designed to be placed inside the package. The microcontroller
for controlling the EPIC chip and readouting the monitor photodiodes is placed inside the
package in order to reduce the length of analog lines, as well as to protect it from the possible
EMI from the power supply modules. Additional decoupling capacitors, level shifters, an
oscillator for the microcontroller, as well as current sources for monitoring diodes, are also
placed on this module board, as it is marked in Figure 4.3. The module board, placed inside the
package is later connected to the host board via pin header connectors. This modular approach
simplifies the testing of packaged devices, since the same host board is used for the
measurement of several modules. In this way, different packaged devices can easily be plugged
in and out.

The dimensions of the module board are 72.11 mm x 48.25 mm. The PCB was designed
with 4 layers and a total substrate thickness of 1.2 mm. The surface finishing is made of gold
to allow the direct bonding of the EPIC with the minimum spacing of 5 mils.
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Top view Current sources for temperature Bottom view
measuring on EPIC

(using the temperature coefficient
of Ge diodes on the PIC)

Microcontroller for:

+ Controlling the EPIC

* Interfacing the PC

*+ Reading of monitoring signals
and temperatures

« Implementing the control loop
for the TEC

Bond pads for
EPIC and TEC ‘ Level translators from 3.3V to 1.8V

Figure 4.3: Module board PCB with marked components

Figure 4.4: Zoomed in Wire-bondiﬁg of the EPIC device into module board PCB

Wire bonding of EPIC chip pads and the TEC to the module board PCB is shown in
Figure 4.4 and Figure 4.5. Ball-wedge technique of bonding is used in this case. Applying heat,
pressure and ultrasonic energy, a “ball” connection is made on the pad of the EPIC chip, and
the wedge bonding is realized on the other side of the bond wire connection, i.e. PCB. Wire
bonder TPT equipment, by the project partner at University of Valencia, is used for bonding
purpose with a 20 pm thick bond wire.
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Figure 4.5: Wire-bonded electronic-photonic integrated chip (EPIC) to the PCB inside the Al
frame with zoomed photos of PIC and EIC. The EIC chip is flipped upside down /33/.

Furthermore, vertical coupling and pigtailing of a fiber array (comprised of 16 channel
V-groove assembly) over the chip gratings was realized (Figure 4.5). Finally, demountable
cases and a lid were placed so that the entire assembly stays protected, as depicted in Figure
4.6 and Figure 4.7.

The packaging process is divided into several steps. The first step after 3D integration
of EPIC device involves the soldering of all components on the module board which is placed
inside the package. The construction of the package should guarantee good thermal
conductivity and heat flow between the parts, enabling dissipation of the chip heat power.

Assembly parts of the package are shown in Figure 4.8. A thermoelectric cooler is
soldered below the chip to dissipate heat power generated by the PIC chip. TEC’s top and
bottom AIN ceramic surfaces are gold plated which guarantees good thermal dissipation. The
chosen TEC, rated to allow dissipation of up to 30W, is soldered inside the package with SnPb
solder bumps melted at 200 °C. Afterwards, the EPIC chip is glued to a thermosetting resin on
the TEC. Finetech machine is used for pick-and-place of both the TEC and the EPIC chip.
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Figure 4.7: Mounted package on the host board
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Case Franie

Host board casefll Case cover

Figure 4.8: Assembly parts of the package /1]

Different test were applied for temperature regulation of the packaged device. The first
version of the package, shown in Figure 4.6, showed low heat conductivity. The case heatsink
itself was not capable of sinking the heat, so it was not possible to stabilize temperature of the
packaged device below 43 °C with applied typical load, i.e. typical power consumption of the
EPIC device of 3.3W. Mean heat power dissipated by the module depends strongly on process
variation for the fabricated PIC, since total heat power is mainly determined by heater power
necessary to compensate for process variations. The expected typical mean total heater power
should be considerably less than the tested 3.3W.

By applying thermally conductive paste between the metal layers of the package,
minimum temperature of the PIC can be decreased to ~37 °C. If even lower temperatures are
necessary, this can easily be achieved by attaching an additional heatsink on top of the lid of
the package. With this option, it was possible to decrease the lowest regulated temperature to
~32 °C.

However, by attaching a heatsink with fan to the lid of the case we get much more
freedom for the temperature regulation. In such a case, the package temperature of 20 °C and
below is easily achievable.

Finally, Figure 4.9 shows the improved version of the package. The main improvement
is based on the integration of heat sink to the lid and to the bottom side of the package. All the
parts are combined by screws so it gives us flexibility on mounting package on the host board.
In the host board, below the module board case, there is a large metal area with a huge number
of vias in the host board PCB. It allows us to attach a heat sink at the bottom side of the host
board. In order to reduce thermal resistance, it is necessary to apply the thermally conductive
paste between all the metal surfaces: top heat sink and case lid, case top frame and bottom case,
as well as on the both sides of the host board, between the bottom case and the bottom heat
sink. With this additional heatsinks, heat dissipation of the package is improved.
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Figure 4.9: Improved package design — integrated heatsink the lid and bottom side of
frame

4.2 Measuring and Control of the Temperature of EPIC

For a Ge diode, temperature coefficient (NTC) is around -2.5 mV/°C. The effect is
almost perfectly linear, so it is suitable for making the diode a temperature sensor by supplying
it with a constant current.

The I-V characteristic of Ge temperature diode is shown in Figure 4.10.

In fact, the same Ge PIN diode, described in Chapter 2, is used for monitoring states of
the micro-ring resonators. Several of these diodes are placed on the peripherals of the PIC
chips. Connection to each of the diodes, cathode and anode, is provided via standard pads.

The constant current of 1 mA is supplied to the Ge diode and the voltage is read out
with the ADC from the microcontroller. Each device has to be calibrated individually since the
characteristics of the diodes are different due to process tolerances.

Figure 4.11 shows the linear function of voltage on the diode as a function of the
temperature. The cause of difference between the voltages on the diode shown in Figure 4.10
and Figure 4.11 is in serial resistance of Ge diode and the resistance of the routed signal on the
PCB which was not present during characterization of the Ge diode. Simple calculation give
us the value of 141 Q. (0.7975V-0.656V/ 1 mA).

Calibration of the temperature of the EPIC device is made by a FLUKE thermometer
device.
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IV diode characteristic
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Figure 4.10: Current vs. voltage characteristic of Ge temperature diodes
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Figure 4.11: Voltage on the Ge temperature diode as a function of the temperature
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4.3 Peltier Drivers

The cold side of the thermoelectric cooler is soldered to the bottom side of the PIC. The hot
side of the Peltier is attached to a metal sheet positioned inside the board applying a high-
thermal conductivity epoxy resin. Then, the metal sheet and the copper pillar are glued together,
while the other side of the copper pillar is glued to the bottom side of the aluminum package
designed to improve thermal dissipation of the assembly. The dimension of the Peltier are 15
cmx 8.4 cm. It is bonded with wire-bonding to the module board PCB connections.

The used Peltier drive (TEC) is IMD06-080-03 and is made by RTM company. The
characteristics are shown in Table 4-1 and Figure 4.12.

Table 4-1 Performance Data of 1IMD06-080-03 thermoelectric cooler.

@ 27°C, Vacuum ATwax [K] | Qumax [W] | Imax [A] Umax [V]
1MDO06-080-03 68 30.32 5.2 10.0

dl, deg K

Voltage, V
w»

o] 0.5 1 1=5 2 2.5 3 3.5 4 4.5 5 5.5 6
Operating Current, A

Heatload, W
——@3 80 —6.06 —12.13-——18.19 —— 2495

Figure 4.12: Performance data of TEC for different heat loads /70]

There are, in principle, two approaches to driving a Peltier cooler. The first one is by
supplying it with a constant current, and the second one by driving it with a PWM signal. The
second approach is not recommended, since it reduces TE module efficiency. In any case, the
signal frequency should be larger than approximately tenfold value of the reciprocal time
constant of the TEC. For the TEC 1MD06-080-03 (no object on the cold side) the time constant
equals 0.35 sec. So, minimal PWM frequency is approximately 30 Hz.

Three approaches to the regulation of TEC were implemented on the PCB host board:
constant current, PWM and constant voltage approach, marked in Figure 4.13.
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The most efficient approach is the approach with a constant current described in
Figure 4.14 and Figure 4.15. The idea was to rework the standard buck converter by cutting
the feedback loop from the output voltage and closing it with fixed voltage, i.e. bandgap voltage
reference. In this way, only the current regulation is working and the value of the current is set
by the DAC output connected to the pin CTRL1 of the LT3741 chip. The circuit is designed
with a maximum output current of 20 A, which is much more than we need for driving the
Peltier. Typical efficiency of this approach is around 94%. In the program of microcontroller,
the maximum current is set to the value of 2.5 A.

The used DAC is TI 7513 DAC with an SPI serial interface and 12bit resolution. Access
to the DAC is provided by the ATMEL microcontroller places on the module board. The SPI
peripheral from port F was used for this purpose. In the program of the microcontroller, the
digital value of the current is set to be in the range from 0 to 256. The relation between the
output current of the circuit and the CRTL1 voltage is given by the following equation:

_ Verria
Iy = SoRe (4.1)

The resistance of the sense resistor is 2 m€Q. The proportion between reference voltage
of the DAC and the digital value is given by following equation:

VCTRLI — X (4 2)
25V 4095 ’

Finally, combining equations (4.1) and (4.2) we get the relation between the output
current and the digital value: I, = 0.01 - x.
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PWM approach

Figure 4.13: Marked blocks of components on host board PCB for different approaches of
driving Peltier

A gy
470 uF | 4.7 uF | 4.7 uF|4.7 uF | 4.7 uF 100 nF
R=360kQ § X is 12 bits
digital
value on
EN/UVLO  VIN — |BSC°11N°3L5' DAC
R=120kQ § LTRL1 HG I L=1.3pH
100kQ crRLt R=0Q  C=220nF " Rs=2mQ ,,1=0.01*X
| a
S LAt o (1 ]
4—-'\/\/\,— SYNC sW DFLS240 | sw
. R=10Q R=10Q +
R=120kQ LT3741 C=22uF
s CO80NO3LS
VREF VCC_INT BS . TEC
2nF 45.3kQ LG . § 33nF
l CTRL2  sgns+ |PENSER | , @ -
680kQ SENSE SENSE- DFLS240

| *E ¢ ‘l 43.3v J,
(U] . <
10nF $ IN

15" | MAX6120

$

Figure 4.14: Schematlc diagram of constant current approach of driving TEC
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3.3V
;2700
3.3V
100nF " 2.5V \2§\ TL431ACDR
4+—

5 <
—|/svne 8 i
| ST DAC_CTRL1
— DIN VOouT = o]
2 ¢

J7 TI DAC 7513

Figure 4.15: Schematic diagram of DAC used for const. current approach of driving TEC

The feedback loop for temperature control is closed by reading out voltages of the
temperature diodes. The average value of 100 samples of temperature diode voltage is used as
a feedback signal, since it give us more accurate data, due to sampling noise. The control loop
for the regulation of the overall temperature of the PIC is directly closed within the
microcontrollers firmware by means of a proportional-integral (PI) controller.

v
1
TEC

F 5v
llOO nF

o
[75]
— /SYNC § ] IJ
— SCLK > —
— bin VOUT — IPB6OON25N3

i |

g
J7 TI DAC 7513
~

Figure 4.16: Schematic diagram of circuit used for driving Peltier (TEC) with constant
voltage approach

A schematic plan of the constant voltage approach for driving the Peltier is shown in
Figure 4.16. The idea is to provide constant voltage across the TEC with the regulation of a
power transistor [PB600N25N3 driver. This approach is power inefficient, due to the
dissipation of the driver MOSFET. Efficiency could be improved by using lower supply
voltage. Unfortunately, the value of 9V is fixed by Ericson supply modules which were primary
chosen to match the requirement for the design of the circuits for the constant current driving
approach. Also, in this case, the DAC is accessed via the SPI interface from port F, while the
configuration of the driving approach is selected by the proper position of jumpers on the host
board.

The third, PWM, approach for driving the TEC is shown in Figure 4.17. Control is done
by setting the duty cycle of the PWM signal, generated by the digital port of microcontroller:
capture and compare channels. With the supply voltage of 9V, the values of duty cycle are very
low, so the range is not efficiently used. Smaller supply voltage would allow for better
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utilization of this approach, but the primary criterion for the selection of supply voltage comes
from requirement for the design of circuits for the constant current driving approach.

T9V

< TSM2312

Pull-
down
resistor

A4
Figure 4.17: Schematic diagram of PWM approach for driving TEC

4.4 Program of the Microcontroller

Figure 4.18 shows that the EIC is connected to a microcontroller to close the control loop for
controlling and optimizing the performance of optical switches in the PIC below the EIC.

The control loop circuits for monitoring the EIC-PIC switches in the full matrix and
keeping its temperature constant are implemented in the microcontroller ATxmegal28A1U
with integrated ADCs and DACs. The block diagram of the program for this microcontroller
for controlling and monitoring of the EIC-PIC is shown in Figure 4.19. Two different types of
control loops were implemented: one for controlling the overall PIC temperature and the other
one for a set of heater powers closed with the feedback loop from the monitoring diodes. Due
to the leakage currents of the S&H circuits, the refresh rate of minimum 1.5 ms is required. A
look-up table (LUT) with proper values for the calibration of heaters (determined by project
partner University of Trento) to compensate for process tolerances in the photonics IC is also
implemented in the program.

Microring resonators, Interleavers and AWGs require calibration, which is performed
by the stochastic optimization algorithm to align the pass-band of the photonic components to
the selected wavelength. If there is no heater power applied into the switching elements, the
optical signal is expected to be at its maximum at the through port. When the micro-ring heater
is driven, feedback control, on the basis of the monitor diode-feedback, finds the best set of
heating power values for minimum optical power at the through port of the switching element.
That means that the optical signal is directed to the drop port, and the switch is enabled. The
algorithm is implemented in software LabVIEW and converges over multiple instances [71].
Thanks to this technique, after the automatic initialization of the switch matrix system, the
device is operative (ready for operation) with microsecond fast reconfiguration of the routing
function.

The first part of the program is related to the initialization of the peripherals used for
this purpose — DMA, Timer counters, DAC, ADC, SPI, digital ports and USB. Since the full
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matrix was divided into 4 blocks, we used DACA and DACB, both with 2 channels (in total 4
channels) to provide analog value to the S & H circuit into each cell. Timers have been used to
address each cell, and also to trigger conversion of each DAC channel. In order not to overload
the main program, the DMA has been used to transfer data to the DAC.

Four channels of the DAC feeding DACs are working in parallel as it is shown in the
block diagram of the program for the microcontroller. The data for each of 824 cells are
initialized from the look-up table and later adjusted by the feedback loop which is closed by
the monitoring TIAs.

sample & hold
for actual

data signal heating power
switch
active

switch analog comparator
for PWM

generation

micro-
driver controller

o
i
switchung

switchung
efficiency
efficiency

| ing;
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O{gM S& interface—|
W WS matrix| matrix| | matrix| matrix
cell | cell cell | cell
000 000
Wy
Wy

wH matrix| matrix| | matrix| matrix
cell cell cell cell

3
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W
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heatimé%

¥

matrix| matrix| | matrix| matrix

tors cell | cell cell | cell
WO WO W 000 000
W'OO o W”Cb matrix| matrix| | matrix| matrix
photonic IC cell cell cell cell

>

electronic IC = | ' | electronic IC §

photonic and electronic IC are connected via

inter wafer connects
Figure 4.18. Principle and block diagram of the multi-node photonic switch and EIC

containing the hybrid heater control circuit in each matrix cell

Both ADCs have been used, and each has 4 channels. In total, 8 channels are used for
sampling the values of 6 monitoring TIAs and the voltages from two temperature diodes,
simultaneously. The select signals for selecting one TIA out of a group, by means of an analog
multiplexer, are provided from digital output port of the microcontroller. Two analog voltages
from Ge temperature diodes are read in by two ADC channels to monitor the temperature of
the EPIC. The values of these two monitoring photodiodes are later processed to control the
TEC. For constant voltage and the constant current driving approach, the SPI peripheral from
port F was used to store the value into the external DAC. Timer/counter module of the
microcontroller is used to generate the PWM signal for driving the TEC with the PWM
approach. In the main loop, operations of storing data into each cell (refreshing the values
because of the leakage currents) and monitoring the TIAs and temperature diodes are constantly
repeated.
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The SCPI based protocol is implemented via serial interface for communication
between the microcontroller and the computer. This simple protocol is used for setting heaters
and reading out monitoring diodes and temperatures.

An example of heater command is: HEAT Address Nr Heating Value\n (e.g. H 23
187, M? 28, T? 0)

The advantages of this SCPI protocol are that it is simple, easy to use and compatible
with most measurement control software (C, Java, Matlab, and Labview).

USB and PDI (programming and debugging interface) interfaces are provided from the
host board for monitoring, controlling and programming the microcontroller inside the module
board.

Initialization of pheriperals
(Timers, DMA, DACs, ADCs, USB, Ports)

Computer

Initialization of clock management

User Interface for setting

— the value of heater power
and reading TlAs voltages

and the temperature

PDI Interface

Communication with PC

Monitoring 84 TIAs

1 1

Monitoring temperature
of EPIC

1 |

Driving Peltier cooler

_’

Figure 4.19: Block diagram of program in microcontroller
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The command set for communication with the microcontroller that is used for
characterizing the full matrix EPIC, allowing to control all heater cells and read out the
monitoring TIAs, as well to set and regulate the temperature of the EPIC, is shown in Table
4-11. It allows controlling all heater cells, reading out the monitoring TIAs, and setting the
temperature of the EPIC.

Table 4-11 Command set

Command

Explanation

Example

*IDN?\n

Reads the Chip ID
(Example: PIC1_R3C1)

*HEAT address_nr
heater_val\n

Sets the heater power.

heater_val: 0...145 (0: Minimum
heater power, 145: Maximum heater
power)

After power up all heaters are
initialized to 0.

*TEMP? diode_nr\n

Reads the temperature
in m°C of the Ge diodes.

The temperature is sent in m°C (e.g.
35,23°C - reading would be 35230).
The absolute accuracy should be in
the range of a few °C.

*MON? address_nr\n

Reads the monitoring
power in a.u. of element
at address_nr.

For no light, the returned value is in
the range between 3600 and 3700.
For increasing amount of light this
value decreases.

*TEC temp_val\n

Sets the TEC control loop
to the given temperature
in temp_val.

The value in temp_val must be in m°C
(for 35°C - temp_val needs to be
35000). After power up, the set
temperature is 45°C. Attention: for
lower temperatures, an additional
passive or even an active cooler is
necessary!

*TEC?\n

Reads the actual set
value of the TEC current.

Positive values are proportional to
the TEC current in the range from O ...
246 (~0... ~2.5A). For higher values,
the TEC current is limited to 2.5A.
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4.5 Measurement Results of Testing EPIC Device

Figure 4.20, containing measured results obtained by University of Trento, shows the matrix
switch working when one channel is added to a direction for two different scenarios (switch A
active or switch B active). Transmission spectra at different stages within the device are
reported in Figure 4.20. The test was performed by injecting a signal (6dBm) from a tunable
laser into the input fiber while the transmission at the output was monitored with an InGaAs
detector. The signal paths within the chip are shown in the left part of Figure 4.20. The right
part of Figure 4.20 shows the spectra (measured in dB) in different parts of the device. Fiber to
fiber insertion loss is presented in the top panel, i.e. the measured transmitted signal at the
output fiber, with respect to the input signal, i.e. at the input fiber. Due to the selection of an
odd or even channel by one of the switches A or B of the switch matrix we note two high
transmission lines. Total insertion loss of about -22dB, a channel bandwidth of 60GHz at -1dB
and of 100GHz at -3dB, a side channel rejection of -60dB, which means a crosstalk lower than
-35dB, are measured. The other panels show the in-the-chip spectra measured by the monitor
Ge photodiodes, normalized by the signal from the first photodiode after the input
grating. Note that the Ge diodes are fed by a long microring with a large coupling factor, which
explains the undulation observed in the grating transmission.

The interleaver transmission proving the splitting of the input signal into even and odd
wavelengths (almost 0dB device losses on the channels and more than -25dB out of the
channels) is shown on the bottom panel. The other three panels show the spectra on the way
through the device: before and after the AWG and after the interleaver. The second panel shows
the signal measured at the output interleaver and the third panel shows the signal after the
AWGs (device losses -5 dB). The forth panel reports the wavelengths dropped by the
temperature tuned optical switch nodes. The free spectral range of 19 nm and the device losses
of -10 dB which account for the whole channel path losses (rings, crosses and waveguides) is
noted here. Therefore, the overall loss of -15dB is measured on the chip device (-5dB from the
AWGs and -10dB in total from the rings, the waveguide crossings and waveguides), which
summing up the input/output gratings losses of -7 dB accounts for the total insertion losses of
-22dB [33]. The temperature of the device was kept at 38.8 °C. AWGs and Interleavers were
aligned by driving the corresponding heaters.
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Figure 4.20: Measured performance of the EPIC chip in ADD working mode /33/
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5 Different Approaches to the Control of Photonics

5.1 Analog Approach to Control PIC

A block diagram of the EIC control chip with the analog approach is shown in Figure
5.1. The main blocks on the EIC are: analog multiplexers, TIAs, address decoders, S & H
circuits and drivers. With this EIC 800 heaters need to be driven.

sample & hold
for actual
data signal heating power
SWit‘(ym switch Rail-l?_-raill
D S/ > . operationa
= 3 off S 3 active e .
5.0 5.0 .
=0 =0 driver controller
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000 000
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W /st matrix| matrix| | matrix| matrix
heating’resistors cell | cell cell | cell
WO M0 MO matrix| matrix| | matrix| matrix
photonic IC N cell | cell cell | cell
electronic IC — [ | electronic IC §

photonic and electronic IC are connected via
inter wafer connects
Figure 5.1: Block diagram with electronic components on and off chip for analog approach

to control heaters

The principle circuit diagram of one heater control cell is shown in Figure 5.2. It
consists of a sample and hold (S & H) circuit, a rail-to rail operation amplifier, a driving
MOSFET transistor and a voltage divider. Voltage on the gate of the M driving transistor is
regulated by the feedback loop. The loop consists of an operational amplifier and a voltage
divider. In this configuration, the drain-source voltage of the transistor M is set to 111.11 %
of the value stored in the S & H circuit. With setting the value Vi in the S&H circuit, the value
across the heater is inherently set, which means that we are able to control heating power
Pueater. The S&H circuit consists of two transmission gate switches (Ws1=500 nm, Ls1=300
nm) and one NMOS switch (Ws2=500 nm, Ls2=180 nm) and sampling capacitor (C=550 fF).
The purpose of a voltage divider is to ensure fully turn off of the heater power in case when
operational amplifier input offset voltage.

A circuit diagram of the used operation amplifier is shown in Figure 5.3. The input
range is rail to rail built up by two complementary differential pairs, NMOS Ms and Mi1 and
PMOS My and Mio. They are coupled via current mirrors M¢ and M7, i.e. M4 and Ms. Load
current mirror forms a couple made of Mi-2 while the output stage is formed by the transistor
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M3 and Miller’s capacitance. If the input common-mode voltage is close to the GND, operation
of the amplifier is done by a differential pair M9-M1o while the pair Ms-Mi1 is almost inactive.
For input voltages in the middle range of voltage supply both stages are active. In this way,
proper function of the amplifier is maintained for common-mode voltages in a full supply range

[72]. Power consumption of this operational amplifier at the switching frequency of 60 MHz
is 77 pW.

VDD

RH EATER

copper pillar
connection

=2.5KQ

R,=21.5 KQ

Figure 5.2: Circuit of cell used in analog approach [44]

Proof of the analog approach concept of driving heaters in the PIC is tested with the
minimatrix chip shown in Figure 5.6. The chip was designed and fabricated in a 160 nm
BCD8sP process. Only CMOS part of this technology was used.
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Figure 5.3: Rail-to rail operational amplifier /51]
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Figure 5.4: PCB with bonded chip with analog approach, electronic components and
connectors

Figure 5.4 shows a photo of the PCB used for testing a bonded chip with analog heater
control circuits and additional necessary electronics. A micrograph of the minimatrix test EIC
with the analog approach is shown in Figure 5.6, while the wire bonded core circuit of the EIC
chip for characterization of the analog heater control approach is shown in Figure 5.5. Total
dimensions of the mini-matrix EIC chip are 0.8 mm times 3.7 mm. Measurement results of test
circuits with 16 nodes and an integrated heater resistance of 230 Q are shown in Figure 5.7,
Figure 5.8 and Figure 5.9.

Figure 5.7a shows a very linear relationship between Vin and voltage on the heater
Vueater. There is a quadratic relationship between Vin, voltage on the S & H circuit, and heater
power Pueater shown in Figure 5.7b. The necessary resolution of the digital-to-analog
converter (DAC) is defined by the steepest section of this graph. An 8 bit DAC is necessary to
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guarantee wavelength resolution better than 10 GHz, i.e. resolution of heating power of
100 uW (according to Table 2-II). This can be easily calculated from the table described in
Chapter 2.
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Figure 5.6: Micrograph of minimatrix test EIC chip with analog approach

Output voltage decreases with time due to leakage currents in the S & H circuit
(see Figure 5.8). Due to this discharging of the sample and hold capacitance the heating power
will increase with time. In case the microcontroller refresh loop does not work properly, this
effect can lead to a situation where all heaters are on with a maximum current and the chip can
be overheated and burned. For this reason, the inverted function between input voltage and
heating power is necessary to protect the chip and to exclude this danger.
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Figure 5.7: Heater voltage (a) and heater power dependence of input voltage stored in S&H
circuit (b)

This leakage of voltage stored inside the S & H circuit also changes the actual heating
power, which leads to a detuning of microrings. The S & H capacitances have to be refreshed
frequently in order to keep this effect below critical limits.

Figure 5.8 shows a relatively linear drop of voltage on the S & H circuits over time.
The measured drop rate on the chips is in the range of 20 to 35 mV/ms. This drop rate results
in a minimum refresh period of 250 ps. This is still feasible for the control of all heaters with
selected ATMEL microcontroller. With this rate and an increased sampling capacitance by a
factor of 10, the thermal ripple can be improved by an order of magnitude in comparison to the
digital PWM heater control approach. The thermal ripple is present in both approaches, analog
and digital PWM, but the causes are very different. The thermal ripple caused by the refresh
rate in the analog approach is much smaller than the thermal ripple cause by the PWM driving
approach.
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Figure 5.8: Output voltage drop of the analog heater control circuit over time cause by

leakage for two different samples
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Sampling noise is another issue of the analog approach (see Figure 5.9). If we take in
consideration standard deviations of +4 ¢, the maximum uncertainty of voltage on the sampling
capacitor will be in the range of £10 to 12 mV. This corresponds to +£80-100 uW in heating
power, which can lead to a partial detuning of the ring resonators.

An increase of sampling capacitance improves sampling noise, which will be further
discussed in the analog-digital approach.
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Figure 5.9: Sampling noise (left: heater voltage; right: heater power) of the analog heater
control circuit

Figure 5.6 depicts the microphotograph of the mini matrix driver with the analog
approach. Unfortunately, due to the metal-fill design patterns, not many details can be seen.
The microscope camera optics distorts the parallel edges of the chip. Major circuit blocks,
placed in a row of 16 cells for driving the heaters of the ring resonators are marked with a red
rectangle in Figure 5.6. The physical area size of one single cell is 100 x 100 pm?. Each cell
contains control circuit logic as well as a microbump pad on which a copper pillar can be
grown. The other blocks, nine monitoring TIAs, an address decoder, and test cells, are also
marked in Figure 5.6. Each output of the monitoring TIAs is provided to the analog multiplexer.
A heater resistor is included inside a dedicated test cell contrary to the 16 cells from the row
that do not have a heater integrated inside since their heating resistor is placed in the
corresponding PIC cell. All standard pads, used for wire bonding, such as supply pads and pads
for control signals are located on the bottom side of the chip. On the left side there are pads for
supply and selection of TIAs, while on the right side, there are pads for supply and selection of
control cells. These are the pads used for testing the EIC, while supply lines and signals are
routed to the pads on the PIC via copper pillar pads, as it is shown in Figure 5.10 and Figure
5.11. The Ge diode for measuring of the temperature of the EPIC chips is placed in the left
bottom corner.
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Figure 5.10: Layout of EPIC minimatrix test chip
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Figure 5.11: Bonded EIC minimatrix with aﬁalég approchfor driving heaters

Unfortunately, due to the lack of time this EPIC chip was not photonically characterized
during the duration of the project, i.e. during the writing of thesis.

There are two reasons why we have to tune each of the 824 heaters in the full matrix;
first, to control the state of the switching elements, and second, to tune the optical elements to
compensate for production tolerances.

When it comes to power dissipation of the circuit for analog approach, maximum
dissipation on the side of the electronics circuit occurs when resistance of the main MOSFET
is equal to the resistance of the heater. Resistance of the heater is 108 €, and the power needed
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for the tuning range of 20 nm is 28 mW with a voltage supply of 1.8V. For this application, a
tuning range of 8 nm is sufficient. This means that the corresponding power of 11.2 mW for
the heater is needed. Ideally, we would use the full range if we have a resistance value of the
heater of 1.8*1.8V?/11.2mW=290 Q. The tuning range of heating power would be used more
efficiently if the resistance of the heater is close to this ideal value. Power dissipation on the
transistor M for the analog approach if we drive the heater to the maximum tuning range of 8
nm is 7.1 mW, calculated by:

__vaa
MT Ry + R M

The resistance of the M transistor in on state is marked with Rwm.

If we add quiescent current consumption of the circuit times the voltage supply (20 pA
x 1.8 V =36 uW) we obtain total power consumption of the circuit with the analog approach
of 7.2 mW. In fact, the efficiency of heating the ring resonator with the analog approach is
61 % (11.2 mW/(11.2 mW+ 7.2 mW)).

The other ring resonators, which are in the off state, should be tuned by 1-2 nm to
compensate for production tolerances. The corresponding power consumption of the control
circuits of one cell is, in that case, 5.2 mW for 1 nm. Figure 5.12 shows the comparison of
power consumption in the PIC and EIC chips for the complete matrix of 768 nodes with the
analog approach. The assumption that all the ring resonators are in off state is taken into
consideration, since only 16 nodes will be in on state and, for the complete matrix, the power
consumption for driving them would be negligible.
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Figure 5.12: Comparison of power consumption of PIC and EIC with analog approach for
the matrix of 768 cells
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Figure 5.13: Circuit of cell for analog approach with DAC instead of S&H circuit

In Figure 5.13 the implementation of an 8bit DAC instead of the S&H circuit is
suggested as an option for the improvement of the analog approach, especially when it comes
to avoiding problems with the S&H circuit.

5.2 Digital Approach to Control PIC

One way of thermal tuning of the microring is to control the dissipated power of a
heating resistor by pulse width modulation. This heating power could be used for setting the
status of the microring, as well as for compensating production tolerance by fine tuning the
microrings. Figure 5.14 shows a block diagram for the digitally controlled switch matrix [73].

. Matrix of 3x3 cells
% cell cell cell
= Grey code ‘
g cell cell cell ‘X N ]
S m counter
cell cell cell
S
s @
ElectronicIC :

registers for storing data value

circuit for generation PWM

driver

Figure 5.14: Block diagram of electronic IC with digital approach
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The chip from Figure 5.20 presents energy efficient scalable implementation of the
pulse width modulation (PWM) approach capable of controlling heater power for MRs. In this
demonstration chip a 3x3 cells matrix is presented for controlling 9 MRs. The developed
approach is scalable to control many more switching elements.

Typical functionality of the optical switching matrix requires only a low number of
switches to be in on state and many are in off state. When it comes to controlling the switches
in off state, only a small amount of heating power is sufficient for the compensation of
production tolerances. They should be tuned in such a way to reach the optimum off position,
increasing isolation of the off signal path. In comparison to the constant voltage approach
where for these switches most voltage would be across the driver, which means much larger
power dissipation on the driver itself than heating power dissipated in the corresponding heater
of the microring.

In this PWM approach, contrary to the constant voltage approach, heating power for
the MRs is controlled with a change of the duty cycle of the output driver signal presented in
Figure 5.17. If the driver is off, there is no power consumption, dissipation on the heater.
Leakage currents are neglected. When the driver is on, small saturation voltage of the transistor
multiplied with the current through the heater gives a small amount of dissipated power on the
electronic chip. A driver transistor (w=420 um, L=180 nm) is designed to have saturation
voltage lower than 5 % of the total supply voltage range of 1.8 V. This means that, in on state,
power consumption of the driver transistor can be neglected, which is also an advantage of the
digital approach, since dissipated power in the EIC could not lead to a detuning of the MRs.
The main power consumption of the digital approach lies in the Gray’s counter, while a smaller
portion is distributed to the digital circuits for the generation of the PWM signal.

The PWM approach has the advantage that it keeps power dissipation of the control
circuits low compared to driving the heating resistor with constant voltage.

5.2.1 Implementation with Digital Circuit and Measurement
Results

A micrograph of the chip is presented in Figure 5.20. The chip was fabricated in the
CMOS part of 160 nm BCDS8sP technology. Gray’s counter and control matrix are the main
parts of this chip (see Figure 5.14). In order to simplify communication between
microcontroller and the chip, a serial peripheral interface (SPI) is implemented inside the chip.
This interface enables the process of setting heater power for all heating resistors in a serial
manner, which requires fewer pads on the chip.

The architecture of the Gray’s counter is depicted in Figure 5.15. This architecture
guarantees that the counter operates with clock frequencies of 1 GHz and even a little bit above,
which was a requirement from the calculations in Chapter 2, in order to provide thermal ripple
less than 0.96 °C, which corresponds to wavelength ripple less than 10 GHz. As it is shown in
Figure 5.15, it consists of 7 parallel 128 bit shift registers. As a measure of prevention of
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metastability of the flip-flop outputs, since the clock frequency is very high, synchronous reset
signal is used for the initialization of registers (see Figure 5.16). The disadvantages of this
implementation are a large area and large power consumption; however it is very fast. In Gray’s
counter, only one bit is different in two successive instants and this is crucial for this purpose.
With this counter, we can generate the PWM signal in each matrix cell in a very compact way
and it saves us power since the logic is now glitch free. Outputs of the counters are connected
further to the drivers, which drive long lines to all matrix cells. Only one counter is necessary
for a complete matrix of 16 cells. Power consumption of this counter at 1 GHz is ~80 mW. If
the number of elements in the matrix is increased, it could require more than one counter for
proper operation.

128 flip-flops
A

o cnt_out
gelk
rst_n_sync e
‘ s ‘

cnt_out(6:0)

/

2 strong huffers for
rst_n_sync 7 bits da '8
—_— X riving lines to each cell
bus line in the matrix
gelk
—

7x128 bits circular shift registers

Figure 5.15: Circuit diagram of Gray counter /73]

vdd
/I\ rst_n_sync

-

rst_n

gclk -
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Figure 5.16: Synchronization of reset signal
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In each cell of the control matrix the registers for storing the actual heating power in
digital form (PWM code) are placed, including a driver circuit for the heating resistor and a
logic block for the generation of the PWM signal as it is depicted in Figure 5.17. The generation
of the PWM signal is done by flip-flop. Counter values are compared with the stored digital
value by an asynchronous digital comparator. When the counter value and stored values are
equal, the output of flip-flop is set. The output of flip-flop is connected to the gate of the
switching transistor that drives the heating resistor. Overflow signal of the counter resets the
flip-flop again.

Heater resistance 1100

gelk

comparator

1.8V
cnt_out(6:0) '
«— |WC
7 bits t =
- NMOS open drain
“  driver
: 8

7 bits bus line
: Shift reg Data reg l
serial data
sclk [
<>
load

{> IdfPWM periud—b‘

Figure 5.17: Circuit diagram of one cell for digital approach /73]

Drain of the transistor is connected to the pad structure which is used for inter wafer
connection (IWC) [16]. The connection between the EIC and PIC will add 40 fF of parasitic
capacitance. Heater resistances are placed in the photonic IC, they are connected between pad
in PIC and supply voltage in PIC. The value of heater resistance is between 110 Q and 160 Q
depending on the applied voltage. The corresponding maximum heating power is ~28 mW.
This heating power is enough for the control temperature range of ~240 °C in the microrings
(see Chapter 2).

Minimum frequency of 7.58 MHz is required to keep the thermal ripple induced by the
PWM control inside the limits as it is already calculated in Chapter 2. In addition, 7 bit pulse
width resolution is necessary to tune the resonance of the microring fine enough to activate it
and compensate for production tolerances. This give us a minimum clock frequency of the
counter for the PWM generation of 970 MHz. This is a simple product of the PWM frequency
and resolution (7.58 MHz*128). Digital control circuit and counter are designed to operate with
a clock frequency larger than 1 GHz. With Ins period, the counter is almost on the limit for
this technology, because a typical gate has the latency of 200 ps, and the setup time of a flip-
flop is in the range of 200-300 ps. So, it is quite tight to design a 7bit counter in synchronous
logic in this ST BCD 180 nm technology.
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Figure 5.19: SPI transfer protocol for reading data from cell

A protocol for writing data into one cell is shown in the Figure 5.18. The first byte is a
command, with an MSB logical one and three least significant bits three zeros. The second byte
is an address, followed by data. The last byte is a dummy byte, necessary for storing the data
into the cell, since the serial interface and the serial register are used for storing the 8bit data.

A protocol for reading data from a single cell is shown in Figure 5.19. The first byte is
a command, with an MSB logical zero and three least significant bits three zeros. The second
byte is an address, followed by two dummy bytes. These two dummy bytes are necessary for
reading out the data from the cell, since the serial interface and the serial registers are used for
storing the 8bit data. The first bit of DATA BYTE is not used, as it is shown in Figure 5.17.

Figure 5.20: Marked micrograph of minimatrix EIC with digital approach
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Figure 5.21: PCB with bonded chip with digital approach, electronic components and
connectors

The PCB used for measurement and characterization of the digital approach is shown
in Figure 5.21. The PWM approach is successfully characterized as it is shown in the results in
Figure 5.22. The frequency of the Gray counter clock was varied from 800MHz to 1300MHz.
A very linear relation between the PWM code stored in the register and the corresponding mean
heating power is proven for clock frequencies of up to 1.2 GHz without missing codes. The
linearity is still good at 1250MHz, however, heater power is somewhat smaller. At 1300MHz,
a glitch can be observed.

For wavelength resolution of 10GHz, a PWM (pulse width modulation) frequency of
at least 7.58MHz with a 7bit pulse width range is necessary, requiring a clock frequency of at
least 969.7MHz as it is derived in Chapter 2, Table 2-IV. So, this gives us a margin of 200
MHz and a guarantee that thermal ripple is within the limits for this microring resonator
application.

The PWM output signal of the digital heater control test circuit for a clock frequency
of 1000 MHz in dependence of the 7bit PWM code in time, is shown in 3D graph, in Figure
5.23. Proper function of the PWM generator circuit is still achieved at 1.2 GH clock frequency
as it is shown in Figure 5.24a.

Maximum operating frequency of the Gray’s counter is measured to be at 1.2 GHz. At
this value, the digital logic block which generated PWM signal reaches its limit. The limit of
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the used technology and, in fact, this approach is shown in Figure 5.24b. Output signal of the
PWM generator is presented for all possible values of PWM codes at clock frequency of
1.3 GHz. The brighter red lines on the top of triangles of the 3D graph show codes and time
periods for which the operation of the PWM generator does not work properly. The explanation
is that the maximum operating speed of the counter is reached. The values of the counter are
not correct anymore and the digital comparator compares the data stored in the data register
with the incorrect counter values. This happens at a clock frequency of approximately 1.2 GHz.
Furthermore, the comparator gives false impulses and does not set the flip-flop properly. So,
the function of the PWM generator is corrupted, and the output signal stays off or does not
behave as we expected. If, of course, at some point, the clock frequency of the counter is further
increased, the counter will stop working.

This improper behavior is also visible in Figure 5.22. The mean heating power
decreases since the output driver is not set in each PWM period for clock frequencies higher
than 1.2 GHz. With an increasing clock frequency, this effect gets stronger.

15 l . . . .
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Figure 5.22: Heater power for all possible PWM codes (7 bit) of the digital heater control
circuit calculated from measured PWM output signals /73]
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Figure 5.23: PWM output signals of the digital heater control test circuit for a clock
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Figure 5.24: PWM output signals of the digital heater control test circuit for a clock
frequency of 1200MHz and all possible PWM code values (a) Measured PWM output signals
of the heater control circuit for a clock frequency of 1.3 GHz for all possible PWM codes (b)
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Figure 5.25: Micrograph of the chip with digital approach

Figure 5.25 depicts at zoomed microphotograph of the digital heater control
minimatrix EIC chip designed for controlling a row of 16 MRs in the PIC. The chip size is 3.7
x 0.8 mm?. Due to the metal-fill design rules, not many details can, unfortunately, be seen. The
floorplan of the EIC corresponds to the floorplan of the minimatrix PIC shown in Figure 5.10.

Major circuit blocks such as the SPI interface, a Gray counter and a matrix row of 16

cells are visible in Figure 5.25. All 16 cells are identical and contain registers, a digital
comparator, a latch, a driver, and fast a 1.8V switching MOSFET. There is an additional 17t
cell with an integrated heater resistor for testing. The output of each cell is connected to micro
pads on which copper pillars for connecting to the minimatrix PIC structure can be grown. The
layout of a cell with the digital approach is shown in Figure 5.26, while the layout of the SPI
interface and Gray counter circuits is shown in Figure 5.27.

Nine monitoring TIAs and an analog multiplexer are a part of the feedback monitoring
circuit. On the left bottom side, 8 TIAs and an analog demultiplexer are located. For this
purpose, there are 8 input signals of 16 input signals of the analog demultiplexer used. On the
left bottom side, there are also PADs which are used for connecting the supply, controlling the
TIAs and selecting signals of the demultiplexer. Supply PADs and PADs for controlling and
testing the 16 cells are located on the bottom right side of the chip.
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Figure 5.26: Layout of a cell of the digital heater control approach with dimensions of
108.69x108.69 um? (the dimension has to be scaled by a factor of 0.92 to obtain the physical
dimension after chip fabrication in BCDS8sp; i.e. the physical dimension is 100 x 100 um?)
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Figure 5.27: Layout of digital approach, SPI block and Gray’s counter
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5.2.2 Analysis of Power Consumption of the Digital Approach

Only a few microrings are active in a typical optical switch matrix. This means that the
power needed for heating them can be neglected in the estimation of the total power
consumption of a large matrix. All other microrings have to be tuned by 1-2 nm to compensate
for the variations of the process.

Figure 5.28 shows a comparison of power consumption depending on the number of
microrings of the matrix cells with the digital PWM approach and power consumption of the
heaters in the PIC. For this presentation, only the microrings in off states are considered. The
reason behind this lies in the functionality of the optical switch matrix, where only a few
microrings are in the on-state.

Power consumption per matrix cell is ~210 pW at a counter clock frequency of 1 GHz.
This power consumption is independent of the set of heating power. To this power
consumption, the power consumption of the driving transistor in saturation mode should be
added. This, results in total power consumption of 0.3 mW per cell in the EIC. Power
consumption of Gray’s counter at 1 GHz is approximately 83 mW, but only one counter is
necessary for supplying (driving) the complete matrix.
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Figure 5.28: Power consumption as a function of the number of photonics switch nodes for
the digital PWM approach in comparison to the heater power dissipated by the heating
resistors in PIC. Note: only non-active microrings tuned for compensating process variations
are considered.
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5.3 Analog-Digital Approach for Control PIC

In Figure 4.18, a block diagram of the electronic IC for driving and controlling a large MR
switch matrix is presented. The control circuit of one cell of this analog-digital (hybrid)
approach is shown in Figure 5.29. The idea of this approach is to use an analog input voltage
and to control heating power on the heating resistor by driving it with the digital PWM signal.
This PWM approach help us to reduce power dissipation of the control circuits in the EIC. The
analog input voltage is stored on a sample-and-hold (S & H) capacitor which serves further as
reference voltage. The same S&H circuit is used as shown in Figure 5.2. An operational
amplifier is used as a comparator to generate the PWM signal. The structure of the used
operational amplifier is described in subchapter 5.1. Two inverter buffers are connected in a
serial way to ensure fast switching of the N-channel MOSFET driver (M1). This MOSFET is
a high-frequency transistor with a total gate width of 184 um in configuration of 20 fingers
with minimum gate length.

The resistors voltage divider R1-R2 is made with two resistors with values of 2.5 kQ
and 21.5 kQ, respectively. A certain margin of 0.2 V of the reference signal is necessary to
define the off-state of the MOSFET M1 well, as a form of protection from the input offset
voltage of the comparator. This voltage divider reduces the active control range of the reference
input voltage Vin to 0-1.6V. Supply voltage of the circuit VDD is 1.8V. For a switching
behavior which satisfies the specifications derived in Chapter 2, the feedback filter consisting
of Rr (200 kQ), Cr (210 fF) and a hysteresis capacitor (Cuyst) are set. Thus, the switching
frequency is regulated by hysteresis from the voltage across the capacitor Cuyst. Without the
pad structure for growing a copper pillar for connection to the heater in the photonic IC, the
layout area of the circuits for the hybrid approach of one cell is about 56 um times 50 pm.
Current consumption of the operational amplifier at the switching frequency of 60 MHz is
about 43 pA, while the driver stage for the driving transistor M1 takes 73 pA.
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Figure 5.29: Circuit diagram of analog-digital PWM control of one cell with ring resonator

[31]
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A test chip with 16 cells of the hybrid heater control core circuit was fabricated in the
first tapeout run. The later improved version of this approach will be presented and compared
with original version. The results of characterization of the original version of the hybrid
control approach with integrated heater resistors with 230 Q will be presented in the following
paragraphs.

Figure 5.30 shows the wire-bonded EIC chip for testing the hybrid heater control
approach. The photo of the PCB used for testing with a bonded hybrid heater control core
circuit, discrete electronic components and connectors to the measurement devices is shown in
Figure 5.32. A zoomed micrograph of the chip is presented in Figure 5.31. One output pad is
presented for each of the 16 cells to enable direct measurement of the PWM waveform. A
LeCroy Waverunner WR204Xi oscilloscope and a 3 GHz picoprobe with an input capacitance
of 100 fF and an input resistance of 10 MHz were used to record voltage across the integrated

2
VRheater

heater resistor. Heating power was then calculated by integrating over time and further

Rpeater
dividing it by total integration time.
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Figure 5.32: PCB for testing EIC chip with hybrid approach with chip, connectors and
additional components

In Figure 5.33 presents the measured results of heater power as a function of the input
voltage stored in the S & H circuit. As it can be seen, heater power decreases linearly with the
input voltage. The PWM frequency as a function of input voltage is presented in Figure 5.34.
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The peak PWM frequency is more than a factor of 7 larger in the middle of the input voltage
range, where the temperature ripple is the largest. This characteristic is very beneficial since it
means that the temperature ripple at the ring resonators will be much smaller for medium heater
powers than with the digital heater approach.

Leakage currents in the S & H circuit were investigated very carefully, because they
cause an increase in duty cycle in time. This is effect shown in Figure 5.35. It leads to an
increase in heater power with time, about 0.7 % per ms. This means that a refresh within
750 ps of each S & H circuit of the matrix is necessary. So, both the analog approach and the
hybrid approaches have the same disadvantage caused by the S & H circuit. The effective
solution could be an integrated 7-bit DAC inside of each cell.
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Figure 5.33: Heater power vs. input voltage on S & H circuit of the hybrid approach
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Figure 5.34: PWM frequency as a function of the input voltage on S&H circuit
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Figure 5.35: Dependence of duty cycle of hybrid heater control circuit on time due to
leakage currents in the S&H circuit

Sampling noise, shown in Figure 5.36, causes a standard duty cycle deviation of 0.2 %.
This corresponds to a standard deviation of 28 W of the heater. This standard deviation can
cause errors of up to about £0.1 mW (£3-4 &), which corresponds to a little bit larger than an
LSB in a 7bit resolution. Therefore, it may lead to a partial detuning of the ring resonators.
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Figure 5.36: Sampling noise on S & H capacitor of the hybrid heater control circuit

78



CHAPTER 5. DIFFERENT APPROACHES FOR CONTROL OF PHOTONICS

Vheater’ M
(= )

time, ns
e

Vhealer’ V]

2
b 1
0

1) g ki Lin
0 50 100 150 200 250
time, ns

Figure 5.37: Measurement results /51]

a mean heating power as function of input voltage on the S & H circuit
b frequency of PWM signal as function of voltage on the S & H circuit
¢, d, e Measured PWM voltage waveform of the signal applied on the heater

Figure 5.37 depicts the PWM output voltage waveforms for low, medium and high
heater power.

To summarize, a 7 bit DAC is sufficient for loading value into the S & H circuit and a
refresh cycle with a frequency of 1.33 kHz for each switch matrix cell is necessary. This means
that all nodes have to be refreshed within 750 ps. Compared to the analog approach, this is
relaxed by a factor of three. The cause of difference lies in different relationship between Vin
and voltage on the heater VHEATER, 1. €. heater power PueatEr, in these two approaches. There
is a quadratic relationship in analog approach and linear in hybrid control approach.
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5.3.1 Improved Analog-Digital Approach

In this subchapter, the results of characterization of the improved hybrid approach are presented
and analyzed.

The main improvements of hybrid approach presented in previous subchapter are
related to the following four points:

* Input-output characteristic is inverted, i. e. for OV at the input of the S&H circuit
power dissipation on the heater is minimal (this protects the circuit when the leakage
current discharges the S & H capacitor — the danger of overheating is eliminated if the
refresh is not done on time)

* Increased value of the S & H capacitor by a factor of 10 (the previous value was
550fF, now it is 5.5 pF)

* Added offset of 0.2V, characteristic starts from 0.2V up to 1.8V

*  Width of the driver transistor is increased from 184 pm up to 420 pm in order to
enable the driving heaters from the AWGs and Interleavers

Measurement results will show that, the critical parameters of the hybrid approach are
considerably improved.

Figure 5.38 depicts a circuit diagram of the improved hybrid approach. Dimensions of
transistors in S&H circuit are the same as in Figure 5.2, while the value of sampling capacitor
is increase by factor of 10.

& VDD

RHEATER l R1

CHYST

1

\EEE/ + I:l\/ll

L ¥

I Ll

Figure 5.38: Circuit diagram of improved analog-digital PWM control of one cell with ring
resonator
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Figure 5.39 shows a photo of the PCB with a wire-bonded EIC containing the new
hybrid control approach used for testing. Zoomed wire-bonded EIC with the improved hybrid
heater approach is shown in Figure 5.40.
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Figure 5.39: Figure PCB for testing EIC chip with hybrid approach
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Figure 5.40: Microphotograph of bonded minimatrix EIC chip with new hybrid approach
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Figure 5.41 depicts the microphotograph of the mini matrix driver with the new
improved hybrid approach design for 3D integration with the PIC minimatrices with different
types of ring resonators. Due to the metal-fill design rules, unfortunately, not many details can
be seen. The microscope camera optics distorts the parallel edges of the chip. Major circuit
blocks in a row with 16 cells for driving heaters of the ring resonators are marked with a red
rectangle in Figure 5.41. A layout of a single cell with layout dimensions of 108 x 108 pum?
(which corresponds to physical dimensions of 100 x 100 um?, after applying scaling factor of
0.92), designed to fit into matrix pattern, is shown in Figure 5.53. Each cell contains control
circuit logic as well as a micro pad on which a copper pillar can be grown. Other blocks,
monitoring TIAs, an address decoder, and test cells, are also marked in Figure 5.41. There are
in total 9 monitoring TIAs. Each output of the monitoring TIAs is provided to the input of the
analog multiplexer. A heater resistor is included inside the test cell contrary to the 16 cells from
the row which do not have a heater integrated inside them. Total dimensions of the mini-matrix
EIC chip are 0.8 mm times 3.7 mm.

The floorplan of the EIC is defined by a PIC layout, Figure 5.10, i.e. to match the copper
pillar positions for 3D integration.

Unfortunately, due to the lack of time this EPIC chip was not photonically characterized
during the duration of the project, i.e. during the writing of thesis.
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=1 row of cells for control of RRs monitoring TIAs
== test cell address decoder

Figure 5.41: Micrograph of EIC chip minimatrix with hybrid approach

5.3.2 Minimatrix Test Chips with Bondpads

Figure 5.43 shows a microphotograph of the mini-matrix driver chip with the new improved
hybrid approach and pads for wire bonding. Due to the metal-fill design rules, not many details
can be seen. On the right side of the chip, there is the major circuit block, a row with 16 cells
for driving heaters of the ring resonators, which is marked with a blue rectangle. A layout of a
single cell is shown in Figure 5.53. All cells are identical and contain control circuit logic.
Other blocks are also marked in Figure 5.43, along with monitoring TIAs and an analog
multiplexer. There are 5 monitoring TIAs in total. Each output of a monitoring TIA is provided
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to the input of an analog multiplexer. Total dimensions of the mini-matrix EIC chip with bond
pads are 0.8 mm x 3.7 mm.

Measurement and characterization of the improved hybrid approach circuits are done
with this chip and the PCB shown in Figure 5.42.

A PXI system from the National Instruments, as well as a fast real-time oscilloscope,
were used for the characterization of the improved hybrid approach. The NI PXI system was
used to generate analog and digital control signals for the EIC, as well as to provide and monitor
the supply voltages.

A heater resistor of 100 € was used for the purpose of characterization.

Figure 5.42: PCB with bonded minimatrix EIC chip with improved hybrid approach and
with bond-wire pads, electronic components and connectors
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row of cell for control of RRs [0 monitoring TIAs
E=] analog demux

Figure 5.43: Marked microphotograph of minimatrix EIC containing the new hybrid
approach with bondpads

Figure 5.44: Bonded minimatrix EIC on the PCB with analog approach and with standard
bond-wires

Figure 5.45 shows the dependence of mean heater power with the input voltage Vi,
stored in the S & H circuits. On the figure, there are the plotted characteristics of the 4 selected
matrix cells with the new hybrid approach. One major improvement of the new hybrid approach
compared to the old one is that now maximum heater power is reached for maximum input
voltage (1.8 V) instead of OV. This is a very important improvement since the S & H elements
have a certain leakage current that discharges the S & H capacitor over time. The stored voltage
will tend to zero if the value into the S & H circuit is not loaded frequently. As a consequence,
with the old hybrid approach, heater power values of all matrix elements would reach their
maximum values if the refresh cycle is interrupted. This would lead to the thermal destruction
of the EIC. The risk is omitted in the new hybrid approach. In order to guarantee that all matrix
cells can be turned off completely the offset of the characteristic is embedded. This means that
heater power starts to increase only for input voltages larger than approx. 0.2 V, this is set
during the design phase. This offset is larger than process dependent offset variations could be,
thereby guaranteeing that all matrix cells can be completely turned off. Small variations of the
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characteristics of the different analyzed matrix cell are not critical, because the necessary heater
power needs to be calibrated for all photonic elements anyhow.
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Figure 5.45: Mean heater power as function of input voltage for 4 selected matrix cells [74]

In Figure 5.46, pulse width modulation frequency in a function of input voltage is
shown for the 4 selected matrix cells. This behavior is similar to the old hybrid approach, the
PWM frequency depends on the set heater power, and reaches its maximum value of
approximately 70 MHz at 50% heater power. Maximum frequency of the new hybrid approach
is the same as for the old hybrid approach set to keep the PWM induced temperature ripples
below critical limits, described in Chapter 2.

7071

60 [

oy (MHZ)
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Figure 5.46: PWM frequency as function of input voltage Vi, for 4 different matrix cells /74]
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In Figure 5.47, the influence of sampling noise of the S & H capacitor is presented for
the 4 selected matrix cells. The figure is generated in the following way: for each input voltage
shown, an S & H element was refreshed 1000 times, and heater power after each refresh cycle
was extracted. Heater power varies slightly after each refresh cycle. The reason behind is
sampling noise and cross talk, although the same input voltage was applied. In order to
guarantee that microring resonance is not detuned significantly, these variations must be small
enough.
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Figure 5.47: Standard deviation of the heater power after loading the sample & hold
capacitance 1000 times with a constant voltage value, for the whole input range and 4
selected matrix cells

Standard deviation of the output power in the old hybrid approach was in the range of
0.2%, which is acceptable especially for the double ring switches. Characterization of the new
approach showed a standard deviation of the set heater power in the range of 0.04% to 0.09%,
in the entire possible heater power range. This improvement is considerable, mainly caused by
an increased sampling capacitance. The risk that sampling noise could considerably affect the
performance of the final device is reduced.
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Figure 5.48: Drop of the heater power due to leakage in the S & H circuit after stopping the
refreshing cycles for 4 selected matrix cells /74]

This increased capacitance of the S & H circuit has another major advantage. Due to
the leakage currents in the S&H circuit, voltage has to be refreshed after a certain time. The
refresh time period of ~750us was necessary in the old hybrid approach and this was already
achievable with the microcontroller ATMEL XMEGA used to control the combined full matrix
EIC/PIC chip described in Chapter 4. However, this refresh time was quite at the limit of this
microcontroller. The increased sampling capacitance considerably reduces the voltage drop
rate, shown in Figure 5.48. This leads to relaxed refresh requirements. In the old version of the
hybrid approach the change of heater power over time was in the range of 0.7%/ms, without
the refresh. As shown in Figure 5.48, the leakage varies significantly for different matrix cells.
Additionally, the drop rate changes for different settings of the address decoder during the time
when the refresh is stopped. The maximum measured drop rate shown in Figure 5.49 is in the
range of 0.35%/ms, which is approximately one half of the drop rate of the old hybrid approach.
The corresponding refresh time would be approximately 1.5ms. In the new hybrid approach,
the drop rate is the largest for the highest heater power. As it can be seen from Figure 5.49, for
heater power below 80% it decreases rapidly below 0.2%/ms, reaching the values close to
0.1%/ms for heater power below 65%.
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Figure 5.49: Drop rate of the heater power caused by the leakage currents in the S & H
circuit dependent on the actual heater power for 4 selected matrix cells

There are few reasons behind this effect of a larger leakage current for larger voltages
on the S&H circuit. One reason could be the dependence of leakage currents in the MOSFET
transistor with the voltage across drain and source. The typical behavior is shown in Figure
5.50 and Figure 5.51 ([75] and [76]). Values for my technology, BCD8sp, are not available so
I tried to explain behavior with literature results. It can be seen from the figures that for larger
drain-source voltages, the leakage current is also larger. Gate-Induced Drain Leakage (GIDL)
effect is also shown in Figure 5.50. The second cause lies in the supply voltage drop on the
supply lines for digital logic which controls the switches of the S&H circuit. So, these
transistors are not 100% turned off, i.e. Vgs of the PMOS transistors is not OV. Therefore a
slightly larger Vs voltage according to Figure 5.50 results in a larger leakage current contrary
to the situation when the PMOS transistor is completely turned off. The drain leakage current
has exponential dependence with Vgs in a weak inversion regime. Subthreshold swing is
~70..100mV/decade.

These are two assumptions explaining nonlinear dependence of the leakage current and
drain-source voltage. However, more precise investigation of this effect would require a design
of several different S&H circuits and deeper characterization, which, due to the defined project
schedule, was not possible. Also, there is the question of accuracy of transistor models when
they work in weak inversion mode.

However, there are some techniques for the reduction of this influence on the overall
functionality of the circuit. The first one would be the separation of the supply lines for the
S&H circuit, the second one could be the shrinking of the input voltage range, e.g. from
0.2-1.8V to 0.2-1.6V. However, the best solution for all the weaknesses of the S&H circuits,
would be a replacement with an 8bit DAC with a voltage output. The design and
characterization of the circuits with this approach are described in the Subchapter 5.4.
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Figure 5.51: Leakage currents as function of drain-source voltage for short channel MOS
transistors /76/

The PCBs and minimatrices with bond pads chips, shown in Figure 5.42 and
Figure 5.43, are used for the investigation of cross talk. Three different scenarios are compared.
In each of these scenarios, the input voltage of one matrix cell was swept from 0V to 1.9V,
while the input values of all other matrix cells were set to the same constant value. For each of
scenario, this constant value was set to 0V, 0.9V, and 1.8V. This allows for the comparison of
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the input/output characteristic of the swept matrix cell, when all other cells are set to minimum
heater power (Vv= 0V), to maximum heater power (V= 1.8V) and to an intermediate heater
power (Viv=0.9V). Considering cross talk, the scenario with intermediate heater power, where
the PWM frequency is quite high, should be the worst of the three scenarios. In Figure 5.52,
standard deviation of mean heater power depending on the input voltage of one swept matrix
cell is shown for all three scenarios with the statistics of 1000 refresh cycles. To conclude, there
is no visible dependence of standard deviation on the heater setting of the remaining matrix
cells.
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Figure 5.52: Standard deviation of the heater power of a selected matrix cell under
conditions when the inputs of all the other cells are set to 0V (blue), 0.9 V(red), and
1.8V(orange), for N=1000 refresh cycles [74]
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Figure 5.53: Layout of one cell for the new, improved, hybrid heater control approach with
dimensions of 108.69 x 108.69 um?. The dimension has to be scaled by a factor of 0.92 to
obtain the physical dimension after chip fabrication in BCD8sp; i. e. the physical dimension
is 100x100 um?, which is equal to the 2-dimensional pitch of the PIC matrix.

The new hybrid approach has considerably improved in comparison to the old hybrid
approach in all important parameters, such as the shape of the IO characteristics, sampling
noise and leakage of the sample&hold. However, refreshing the S&H voltage is still necessary,
which is the main weakness of this approach.
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Figure 5.54: Power consumption of EIC and PIC in dependence on the number of photonic
switches

Figure 5.54 shows the comparison of power consumptions of the EIC with the hybrid
approach and the power consumption of heaters in the PIC. For this analysis, the typical
scenario is used: only a few MRs are active and therefore in estimation of the total power
consumption of a matrix with a large number of nodes, they can be neglected. All other MRs
have to be tuned only slightly to compensate for process tolerances. The needed heating power
is around 1.5 mW for each cell. For a matrix with 768 switch nodes, power dissipation in the
electronics chip with the hybrid heater control approach is around 220 mW. Total heating
power for all heating resistors in the PIC is 1.25W.

5.4 Analog-Digital Approach with Integrated 8bit DAC for
Control PIC

The approach with the minimatrices is an area and a cost saving approach to testing additional
heater control approaches together with the different photonically integrated ring modulator
switches.

The improved hybrid heater control approach still requires a refresh due to the leakage
current of the sample & hold circuit, although not as often as the first hybrid heater control
approach. In order to avoid any need for refresh cycles of the data stored in the improved hybrid
heater control cell, we further improved this approach by replacing the sample & hold circuit
with a digital to analog converter (DAC). Figure 5.55 shows a circuit diagram of one cell with
the improved hybrid heater control approach using the DAC.

The circuit of the DAC [77] is shown in Figure 5.56. An output buffer in the DAC is
not necessary since the OPAMP used in the cell has a MOS input. The resistors in the MSB
network have the value of 500 Ohm and the resistors in the LSB network have the value of
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7.5 kQ. The switches Sm and Sv are identical, consisted of transmission gate with PMOS
transistor (Wpmos=3.5 um, Lpmos=180 nm) and NMOS transistor (Wnmos=1 um,
Lamos=300 nm).

A micrograph of the minimatrix EIC chip with an improved version of the analog-
digital control with an integrated DAC is shown in Figure 5.63. For this minimatrix chip, the
physical dimensions of this chip are increased from 0.8 x 3.7 mm? to 1.32 x 3.7 mm?. This
improvement allows us to change the pinout and to add more pads for the functional mode. In
this way, redundant supply pads are added, and the positions of pads are changed to simplify
bonding of the EPIC. Additionally, more area allowed us to improve the supply lines and the
routing overall.

In the middle of the chip, 16 control cells are located and on the right side of the chip
two test cells are located, as it is marked in Figure 5.63. One test cell includes an integrated
heater resistor and the other one is just a DAC with the output connected to an output bond
pad. A layout of a single cell of the new hybrid control cell with integrated 8bit DAC is shown
in Figure 5.57. Since the physical dimensions of the horizontal pitch are fixed to 100 um, the
only way to fit the DAC into a cell was to extend the vertical dimensions of the cell. Total
dimensions of the cell are 205.96 x 108.69 um?. On the bottom side there are 8 TIAs and an
analog multiplexer. For this purpose, 8 input signals of 16 input signals of the analog
multiplexer are used. On the bottom side, there are also PADs which are used for connecting
the supply for the TIAs and selecting signals of the multiplexer, as well as the output signal
from analog multiplexer. Supply pads and pads for controlling and testing the 16 cells are
located on the top, left and right side of the chip.
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Figure 5.55: Circuit diagram of improved hybrid approach with DAC
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Figure 5.56: Circuit diagram of the DAC

Figure 5.58 shows the layout of an 8bit DAC which is a part of each control cell. The
digital-analog converter is switch-based with a serial interface for writing the data for control
of the switches. As it can be seen from Figure 5.55 and Figure 5.58, the DAC consists of a
digital part and networks of switches and resistors. The digital part consists of a serial interface
for storing the 8bit data in registers. This data is further used for controlling the state of each
switch in the network of switches and resistors. The network of switches and resistors consists
of two parts one - for selecting the upper 4 bits and the other one for selecting the lower 4 bits,
as it is shown in Figure 5.58.

Using a parallel interface in the heater control cells instead of a serial interface would
require only a register instead of serial interface and a register. Thereby the chip area of the
DAC could be reduced by about 10%.
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Figure 5.57: Layout of one cell for the new, improved, hybrid heater control approach with
integrated DAC with dimensions of 205.96 x 108.69 um?. The dimension has to be scaled by
a factor of 0.92 to obtain the physical dimension after chip fabrication in BCD8sp; i. e. the
physical dimension is 189.48 x 100 um?.
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Figure 5.58: Layout of 8bit DAC used as integrated part of the improved hybrid approach
cell with DAC

A DAC was designed for the test minimatrix since it was not possible to fit it in the
predefined cell area of 108.69 x 108.69 um? of the large-matrix EIC. However, using smaller
structure-size technology than 0.16um CMOS should make it possible to integrate the DAC
with the circuits for the analog-digital approach.

5.4.1 Simulation Results

An 8bit DAC has a serial interface similar to SPI. A timing diagram for programming test cells
is shown in Figure 5.59. The test cells are selected with the active addr test i input signal and
the values of addr_sel 1<0:3> bus can be chosen arbitrarily. Both test cells are selected at the
same time and the same 8bit digital value is stored in both registers of the test cell DACs.
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Figure 5.59: Timing diagram for programming minimatrix EIC with hybrid approach with
integrated 8bit DAC
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Figure 5.60: Simulation results of DAC output voltage vs. input code
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Figure 5.61: Zoomed in output characteristic of DAC output voltage
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The result of post-layout simulation of the output voltage characteristic as a function of
the 8bit digital input value is shown in Figure 5.60. The characteristic is monotonic. Zoomed
in part of the output characteristic of the DAC is presented in Figure 5.61.

5.4.2 Characterization Results

In this section, characterization results of the improved hybrid approach with an
integrated 8bit DAC are presented.

Figure 5.62 shows a photo of the test PCB with a wire-bonded EIC containing the new
hybrid heater control approach with an integrated 8bit DAC. Figure 5.64 shows a zoomed
version of this wire-bonded EIC with the new hybrid heater control approach with an integrated
8bit DAC.

3D integrated minimatrix EIC with the hybrid approach with integrated DACs with the
minimatrix PIC is shown in Figure 5.65. Unfortunately, these combined chips were not
photonically tested during the writing of this thesis, but they are planned to be tested anyway.

For the characterization of the new hybrid approach with integrated 8bit DAC, a PXI
system from the National Instruments, as well as a fast real-time oscilloscope, were used. The
PXI system was used to generate the digital control signals, acquire analog output signals of
the EIC, and to provide and monitor the necessary supply voltages.
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Figure 5.62: PCB with bonded minimatrix EIC with new hybrid approach with integrated
8bit DAC, additional components and connectors
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Figure 5.63: Marked micrograph of minimatrix EIC with improved hybrid approach with
integrated DAC

Figure 5.64: Bonded minimatrix EIC with hybrid approach with integrated 8bit DAC
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Figure 5.65: 3D integrated minimatrix EPIC chip with hybrid control approach with 8bit
DAC

Three different samples were characterized. For the measurement results shown in
Figure 5.66 and Figure 5.67, the value stored in the DAC’s data register was swept from 0 to
255. For each data value 100 measurements of the output were taken. The left side of Figure
5.66 shows the mean value of the output voltage of the DAC versus the DAC byte stored in the
DAC’s register. The characteristic of all three samples is quite similar. There is a clearly visible
offset of ~23mV. This offset does not cause any problems, since the PWM generator also has
an offset with a different sign. The right side of Figure 5.66 shows standard deviation of the
measured output voltage. It is influenced by noise in the EIC as well as by noise of the
measurement setup. The measured standard deviation of the output voltage is far below 1/10
of the LSB (1 LSB = 6.9mV) and therefore far below any critical limits.
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Figure 5.66: Mean output voltage (left) and standard deviation of the output voltage (right)
depending on the DAC data byte (100 samples per voltage step)
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Figure 5.67: Mean output voltage step size depending on the DAC data byte (100 samples
per voltage step)

Figure 5.67 shows the mean step size of the DAC versus the DAC byte. It is measured
by subtracting the actual output voltage by the voltage measured for the DAC value before.
This Figure proves that for the characterized chips there are no missing codes and no non-
monotony errors. The differential non-linearity (DNL) is around 0.45mV, which is
considerably below 1/10LSB. The integral non-linearity (INL) is between 1.7mV and 4mV,
corresponding to the range of 0.25 LSB to 0.58 LSB. These characteristics are sufficiently
accurate for heater control.
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Figure 5.68: Output power of the PWM heater driver depending on the DAC data byte

Figure 5.68 shows mean heater power at the output of the PWM driver. The linearity is
still good. The characteristics of the three tested chips are slightly different. This does not cause
any problems, since heater power of different heaters needs to be calibrated anyway.

Figure 5.69 shows the PWM frequency for different ADC bytes. High PWM
frequencies of around 70MHz are especially reached for medium heater powers. As mentioned
in the previous Chapter 2 this is important to keep thermal ripples introduced by the PWM
approach below critical limits. The reached PWM frequencies are more than high enough.
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Figure 5.69: PWM frequency of the PWM heater driver depending on the DAC data byte
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The most important improvement was the integration of a DAC replacing the
sample&hold circuit in the mini-matrix hybrid approach. The version including the DAC
reaches the same PWM performance as the previous version with the sample&hold circuit. But,
contrary to the old approach, this new approach does not require any refresh cycles. These
refresh cycles would have been a limiting factor for further scaling of the number of integrated
heaters. The test of the new approach with the integrated DAC was successful. This new
approach paves the way for even higher integration in future.
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Figure 5.70: Comparison of power consumption of hybrid approach with 8bit DAC and
power consumption in PIC as function of number of photonic switches

Power consumption of an 8-bit DAC is approximately 400 pW. Adding this value to
the power consumption of the circuits of the improved hybrid approach, we get 685 pW in total
for the power consumption of one cell for a tuning range of Inm. As for the matrix of 768 cells,
the comparison of power consumption of the heaters in the PIC with the power consumption
of the EIC is shown in Figure 5.70.
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5.5 Full Matrix Architecture and Measurement Results

A complete large-matrix multi-node electronics chip, fabricated in the second tapeout run is
shown in Figure 5.71. It includes 824 nodes of independent heater control circuits with
improved hybrid approach. The dimensions of EIC chips are 5.7 x 3.7 mm?.

In Figure 5.72, the regions with the pads used in functional mode and testing mode are
marked in red and blue, respectively. In the middle of the chip area, the matrix of 16 x 48 cells
for the control of the ring resonator heaters is located. A block with a heater control cell for
driving AWG heaters and Inteleaver heaters are also marked in Figure 5.72. The complete
large-matrix EIC uses the new improved hybrid heater control approach with reduced refresh
frequency described in Subchapter 5.3.1. Characterization results of the new hybrid approach
(with sample & hold circuits) have already been reported in Chapter 5.3. Furthermore, leakage
currents of the sample & hold circuit now lead to discharging the hold capacitor and zero heater
power in case the refresh algorithm or the overall control algorithm should fail intermediately.
A layout of a single cell of the new hybrid control cell with marked circuits is shown in Figure
5.53. To enable the testing of the new hybrid cell circuit before connecting the EIC and the
PIC, test cells with a heater resistor integrated in the circuit cell were included (see green
rectangles in Figure 5.72). The counters for addressing the cells are marked with yellow-
colored rectangles (Figure 5.72). The matrix is divided into four independent blocks, each
having a dedicated interface for addressing and storing analog values into the S&H circuit of
the heater control cell.

On the right side, prior to the Interleavers and the signal enters the matrix, and on the
bottom side of the matrix, at the outputs of the matrix, transimpedance amplifiers are placed.
There are 6 analog multiplexers used to multiplex the outputs of 84 photodiodes to 6 output
PADs. A circuit diagram of a single analog multiplexer with 16 analog input signals and one
output signal is shown in Chapter 5.6.
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Figure 5.71: Micrograph of full matrix EIC chip with hybrid control approach
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Figure 5.72: Micrograph of full matrix EIC chip with marked blocks
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Figure 5.73: a) PCB with microcontroller, USB and serial interfaces and supply connectors
b) PCB with bonded full matrix EIC with hybrid approach and decoupling capacitors and
pinheader connectors

Two PCBs were designed for testing full matrix EICs. For testing and characterization
of these chips with a microcontroller the modular approach was chosen. On the PCB shown in
Figure 5.73a, a microcontroller with additional components such as USB, PDI and serial
interfaces and supply connectors is mounted. On the other one, a smaller, top PCB full matrix
EIC is bonded and decoupling capacitors are mounted (Figure 5.73b). These two PCBs are
later combined with pin header connectors, as shown in Figure 5.74. In this way, we avoid the
soldering of a microcontroller and additional components on each PCB with a full matrix EIC
(which saves us time and reduces the costs).
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Figure 5.74: System of PCBs for easier testing of full matrix EIC with hybrid approach

5.6 Monitoring TIAs and Analog Multiplexers

A circuit of a transimpedance amplifier for processing photocurrents of the Ge monitor
photodiodes is presented in Figure 5.75. The required resolution of the input power of a TIA is
less than 0.1dB, which corresponds to the resolution of 11 bits for an ADC connected to the
output of a TIA. Since the number of monitoring TTIAs in the EIC chip is large (84), analog
multiplexers are used to multiplex the outputs of TIAs, i.e. to reduce the number of output pads.
Output voltages of the TIAs are then further processed within a closed loop in the
microcontroller. Offset can be compensated for by using a look-up table in the microcontroller.

The bandwidth of the TTA is 25 MHz, as shown in Figure 5.76.
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Figure 5.75: Schematic of TIA for monitor photodiodes

Since the measurement results of the photodiodes in the PIC showed that the response
of the photodiodes is 0.6 A/W instead of the expected 1 A/W, a redesign of the monitoring
TIAs inside the EIC was necessary. The value of the feedback resistor is increased by a factor
0f 1/0.6 (1.66), so the new value is 36.75 kQ. According to this increase of the feedback resistor
value, the bandwidth of the monitor TIA is slightly reduced. However, its bandwidth will still
be orders of magnitude larger than the specified value of 1 kHz.

The measured DC transfer characteristics of the monitor TIAs designed for the
photodiodes with the responsivities of 1 A/W and 0.6 A/W are depicted in Figure 5.77 and
Figure 5.78. The specified dynamic range from -30dBm to -15dBm is marked in red. In this
power range, the characteristic is quite linear. For the specified 0.1dB resolution at -30dBm,
an 11bit ADC with a 0.9V full scale range is necessary. If an ADC with higher resolution is
used, an even lower limit than -30dBm for the dynamic range of the monitor TIA will be
possible (e.g. -35dBm). The current consumption of the TIA is 10 pA at 1.8V.

The simulated DC transfer characteristics of the monitor TIAs designed for two
different photodiodes with the responsivities of 0.6 A/W and 1 A/W are depicted in
Figure 5.79.
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Figure 5.77: DC transfer characteristics of the monitor transimpedance amplifier designed
for the photodiode with responsivity of 0.6 A/W
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Figure 5.78: Measure DC transfer characteristics of the monitor transimpedance amplifier
designed for the photodiode with responsivity of 0.6 A/W
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Figure 5.79: Output voltage characteristic of TIAs designed for photodiodes with two
responsivities, R=0.6 A/W and R=1 A/W

In the big matrix chip, all TIAs are grouped in groups of 16 TIAs. The outputs of the
TIAs are connected to the 16 inputs of the analog multiplexers. With 4 digital control signals,
one of these 16 input signals is selected to be present at the output of the analog multiplexer
for a certain time period.

A circuit of the analog multiplexer with 16 analog input signals, 4 select signals and
one output is shown in Figure 5.80. The switches are designed from transmission gates. It was
not necessary to insert the output buffer.
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6 Conclusion and Future Work

6.1 Conclusion

This dissertation explored the possibilities of designing energy-efficient control circuits
for driving photonic devices. Heat dissipation from the electronic control IC should be
minimized. The first and most important reason is to reduce the overall power consumption of
the device, and second to reduce the risk of heat transfer from EIC to PIC, which could lead to
a detuning of photonic devices inside the PIC. These are the main points for designing power
efficient approaches to control the heaters in the photonic IC.

Temperature of the PIC needs to be kept constant since the micro-ring resonator
switches are tuned by temperature varying. The PIC requires operating temperature
independent of the environment. Temperature of the PIC is regulated by cooling with an
external thermo-electric cooler (TEC). Additional temperature diodes on the PIC are used to
measure the actual temperature of the PIC and close the control loop by driving the TEC.
However, designing a proper package solution with a heatsink was a challenging task. These
were the main challenges of this research which are successfully fulfilled.

6.2 Comparison of Approaches

Two basic approaches for driving the heaters in photonic components were
investigated: the constant voltage approach and the pulse width modulation approach. The
constant voltage approach caused large power dissipation in the EIC which had an impact on
heating of the PIC, with the risk of detuning photonic elements. Another challenge was the
removal of dissipated heat from the package.

In the digital and hybrid approaches, the PWM frequency must be high enough to keep
temperature ripple below critical limits. For the chosen technology, it is still possible to reach
the necessary clock frequency, but it is close to the technology limit.

In Table 6-I, there is a list of pros and cons of each of the approaches to control heaters
of photonic components in the PIC. The best characteristics were noted in the hybrid approach
with an integrated 8bit DAC inside of each control cell. However, using more advanced
technology advantages of the digital approach are gaining importance.
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Table 6-1 Comparison of control approaches

Advantages Disadvantages
No thermal ripple Power consumption/heating of EIC is much
larger contrary to the digital approach
(PWM):
o Increased total power dissipation
o Thermal crosstalk may detune
Analog microrings
External DAC required
Periodic refresh of S&H circuits necessary
(<250 ps)
Sampling noise & EMI
Reduced power Thermal ripple caused by the PWM in
consumption, i.e. low heating resistors can lead to a periodic
Digital — | heating of the EPIC partial detuning of the micro-rings
PWM Requirements for counter clock freq. are at
technology limit
Thermal ripple caused by the PWM in
e Reduced power heating resistors can lead to a periodic
consumption -> lowest partial detuning of the micro-rings
heating of the EPIC External DAC required
Hybrid | e Increased fpwm for Periodic refresh of S&H circuits necessary
medium heating power (<1.5 ms)
Sampling noise & EMI
Thermal ripple caused by the PWM in
e Reduced power heating resistors can lead to a periodic
consumption -> low partial detuning of the micro-rings
heating of the EPIC, Smaller technology is necessary to fit
Hybrid increased fpwm for circuits into cell dimensions
with an medium heating power
integrated | ¢ Integrated DAC ->
8bit DAC digital interface between
the EIC and uC, no
sampling noise & EMI
issues
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Table 6-1I Power consumption of circuit blocks used in EIC with improved hybrid approach and PIC

EIC
Nr. of cells I(A) V(V) P/cell (W) P(W)
TIA 84 | 1.00E-5 1.80E-05 1.51E-03
Heater cell 824 | 1.26E-4 | 1.8 2.27E-04 1.87E-01
Address decoder 4| 7.78E-6 1.40E-05 5.60E-05

Total EIC 1.88E-01

PIC (worst case)
Nr. of heaters | R(Q) V(V) P(%) P/cell (W) P(W)

RR*OFF but 48 108 20 | 6.00E-03 2.88E-01
tuned

RR* totally OFF 704 108 010 0

RR* ON 16 108 18 75 | 2.25E-02 3.60E-01
Interleavers 24 46 100 | 7.04E-02 1.69E+00
AWGSs 32 38.2 50 | 4.24E-02 1.36E+00
*RR - Ring resonator Total PIC 3.70E+00

R — heater resistance

The power consumption of each circuit block in the EIC with improved hybrid approach
and PIC is listed in Table 6-11. Estimated total power consumption in the worst case is ~4W,
which is less than the first estimated value of total power consumption, as it is mentioned in
Table 1-1.

In the constant voltage approach, power consumption per matrix cell circuit controlling
the switched on ring-resonator is approximately 7.2 mW, assuming a heating resistor of 110 Q
and a supply voltage of 1.8 V. Heating power for compensating production tolerances of one
cell is approximately 1.5 mW. For a supply voltage of 1.8 V and a voltage of 0.6 V across the
heating resistor this would lead to a voltage of 1.2 V across the driving transistor. In this case,
power dissipation of the driving transistor would be two times the power dissipation of the
heating resistor itself. This power dissipation gets even worse if the voltage across the heating
resistor is further decreased, which is the case when less heat for the compensation of
production tolerances of the ring resonators is needed.

The PWM approaches have considerably lower power consumption than the constant
voltage approach, as it can be seen from the Figure 6.1. In the data centers involved, the switch
matrices will have several hundreds of nodes or even several thousand nodes. The presented
PWM approaches could be easily extended to control matrices with that many elements. For
the matrix with 768 nodes, power consumption of the digital PWM approach (including the
counter and the necessary bus drivers) is reduced to 7.5% of that of the constant voltage
approach. For the matrix of the same size, power consumption of the hybrid approach without
an integrated 8bit DAC and with it is reduced to 5.6% and 13.3% of power of the constant
voltage approach, respectively. At VDD=1.8V, room temperature and maximum PWM
switching frequency, power consumption of the comparator used in the hybrid approach
without the DAC is ~77uW, while the driver for the MOSFET M1, shown in Figure 5.38,
consumes ~131uW. Power dissipation on driver MOSFET M1 is ~75uW. This results in total
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power consumption of ~284uW per heater driver. In comparison to the heater driver circuit
used in [38] and [12], based on a DAC with a current output, the heater driver presented within
this work has almost 90% less power consumption. Maximum heater power of 12.25 mW used
in [38] is smaller compared to the ~29mW of the heater resistor presented in this work.
Reducing the power consumption of the control circuit by the PWM approaches is therefore a
crucial step towards large integrated optical switch matrices.

It is obvious that the analog approach (const. voltage approach) shows quite large power
consumption, which could be very difficult to handle from the package.
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Figure 6.1: Comparison of power consumption of analog, digital, hybrid approaches with
and without DAC and PIC in dependence of number of heater cells

6.3 Future Work

6.3.1 Improvements in Photonics

Advancements in the realization of scalable, highly integrated optical switching matrices in
silicon photonics technology are encouraging for commercial production and usage of optical
switching in data centers. High port count, low power consumption, high speed, low footprint
size, low cost, wide bandwidth are all characteristics of these optical switch matrices which
should be met.
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However, there are still some technical challenges which have to be met in order to
envisage commercial realization of such devices (optical matrices) in the near future.

The losses in the switch matrix can be significantly reduced with a better waveguide
crossing fabrication and an improved grating coupler design. The best possible insertion loss
of a single polarization grating coupler today is <1dB, shown by Luxtera at ECOC 2017. The
use of an InP based semiconductor optical amplifier block heterogeneously integrated with the
PIC is also one of the possible techniques for the reduction of total losses (for compensation of
losses) [44].

Future efforts to make commercially mature device with polarization insensitive
operation, as an absolute characteristic, are also needed.

Imperfections of integrated optical circuits due to fabrication require some fine tuning
to be compensated - consuming significant power and demanding the development of complex
calibration algorithms. With advances in manufacturing processes (development of silicon
wafer with better thickness tolerances), the tuning power consumption and the complexity of
algorithms for the compensation of imperfections are expected to be reduced. This should also
relax the requirements for the device package design.

6.3.2 Scalability

A very important consideration in the design of a complete system was future scalability. 3D
EPIC has been proposed and discussed by many organizations, but the commitment to product
usage is very doubtful, considering the costs and moderate performance, e.g. on a high data
rate transceiver. However, there are some advantages of 3D integration in comparison to the
wire-bonding approach in our case. As it is mentioned in Chapter 3, the presented electronic-
photonic IC (EPIC) has more than 2000 micropillars for connecting the EIC and the PIC. This
large number comes from a need to control more than 800 heaters, read out 84 monitoring
diodes and have a sufficient number of pads to carry the necessary current for heater supply.
Using standard bond pads instead of these 2000 micropillars would have several major
consequences. First of all, regular bond pads are much bigger than micro pillar pads, resulting
in a much bigger chip area necessary for both, the electronic IC (EIC) and the photonic IC
(PIC), if wire bonding is used, increasing production cost. Additionally, the distance between
the heater driver output and the heater that is placed close to the micro-ring resonator would be
in the range of 1cm and above, resulting in parasitic inductances in the range of 10nH which is
a problem for the used PWM approach. Considering the high frequency components of the
PWM control the performance of heater control would degrade.

While it might be possible to use wire bonding for those 2000 pads by considerably
increasing chip sizes, it would definitely not be feasible anymore if we want to scale EPIC for
larger matrix sizes. For example, an increase by a factor of 10 would result in 20.000 pads,
which is still feasible for 3D integration, but not commercially possible for wire bonding. So,
this 3D integration technology with micro copper pillars gives us possibilities for scalability.
However, there are some other difficulties which limit size of the optical switch matrix.

Thermal crosstalk: Temperature distribution between multiple switches inside the
matrix is simulated to predict cross-talk among individual switch elements [78]. Three micro-
rings are turned on with the same voltage of 1.25 V. Details of the applied scenario are
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presented in [44]. The results show that thermal cross talk between the neighboring micro-rings
is less than 1.6 °C, while thermal cross talk between the heated micro-rings is lower than 1.2
°C. The measured resonance shift is ~10 GHz per degree, which means that turning on the
adjusted rings could detune a turned off ring by up to 16 GHz, i.e. a turned on ring can be
detuned by up to 12 GHz. As regards the turned off ring, this shift has no influence, since the
filter is located much further from the resonance wavelength. However, the impact of a 12 GHz
shift, when the ring is in the on state, depends on the filter characteristic. On a double ring,
with a very broad channel, around 80 GHz, this cross talk should have no impact. However, on
a single ring filter, this effect may have impact [44].

Smaller technology for the design of the control EIC is available, allowing a smaller
layout area for the control circuits. In IRIS project, the smallest pitch size is 50 pm, while
smaller pitch sizes are technologically available. However, a limitation in pitch sizes comes
from the photonic side, thermal crosstalk and footprint size of the photonic components. Efforts
in this direction are needed to make scalable electronic-photonic systems in the near future.

6.3.3 Improvements in EIC

There are several directions for further research and improvement of this work suggested in
this final chapter. As already concluded, the best electronic performances are salient in the
hybrid approach with an integrated 8bit DAC inside of each control cell. So, using a more
advanced integrated electronics technology implementation of this approach into full matrix
could be an interesting direction. Also, using more advanced technology for the design of EIC
would make it possible to implement digital control approach into the full matrix, since digital
circuits are scalable.

Of all designs of an electronic circuits, only a CMOS part of the BCD8sP technology
was used. This would reduce the cost of mass production since CMOS technologies are cheaper
than BCD technologies. However, having available BCD technology for the design gives us
the possibility to integrate a highly efficient DCDC converter into the same chip with control
electronics, having a more compact packaged device. Integration of IPs such as a processor,
DACs or ADCs used for closing the feedback loop would also be an interesting direction,
enabling smaller packaging.
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