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Abstract

Thermal Eigenmode Decomposition (TED) is introduced as a technique
to cancel the effect of thermal cross-talk in photonic integrated circuits
(PICs). This original technique, benefits from adopting eigen-solution of
phase coupled system, allowing for an efficient tuning of the structure.
This novel tuning scheme is exploited for a reconfigurable filter made of
Mach-Zehnder interferometer (MZI) loaded by two Microring resonators
(MRRs) and a mesh of MRRs.

Through numerical simulation and experimental tests, effectiveness of sug-
gested technique is validated. For a MZI loaded by 2 MRRs, it is demon-
strated that not only fine-tuned condition of the filter is achieved from
random perturbations, but also the bandwidth is adapted to the channel
spectrum. Via introduction of relevant goal functions, routing functional-
ity in mesh of 4 MRRs, adopting the TED-based scheme is validated.

This method has the capability of extension to different photonic inte-

grated circuits and platforms.



Sommario

La decomposizione termica in autostati (TED) viene introdotta come tec-
nica per annullare I'effetto del cross-talk termico nei circuiti integrati fo-
tonici (PIC). Questa tecnica originale sfrutta le autofunzioni dei sistemi
accoppiati in fase, consentendo un’ efficiente messa a punto della strut-
tura. Questo nuovo schema di ottimizzazione é utilizzato per un filtro
riconfigurabile costituito da un interferometro Mach-Zehnder (MZI) cari-
cato con due risonatori ad anello (MRR) ed una mesh di MRR. Attraverso
simulazioni numeriche e test sperimentali, é provata l'efficacia della tec-
nica suggerita. Per un MZI caricato con 2 MRR, non solo é dimostrato
che é possibile ottenere un tuning fine del filtro per perturbazioni casuali,
ma anche la larghezza di banda é adattata allo spettro del canale. Tramite
I'introduzione di specifiche funzioni-obiettivo nello schema basato su TED
viene verificata la funzionalit di routing in mesh di 4 MRR. Questo metodo
ha la capacit di poter essere esteso a vari circuiti fotonici integrati, anche

basati su diverse tecnologie.
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Chapter 1

Control in integrated photonics

1.1 Introduction to integrated photonics

We live in a rapidly changing world where development in consumer technology are be-
falling so fast that the telecommunications network is struggling to keep up pace[I§].
The fast uptake of smartphones/tablets and the widespread wireless streaming of high
quality video and games are putting the conventional network architecture under im-
mense pressure, and the problem is increasing as more applications are moving toward
online infrastructure. Key examples include high definition 4K video streaming, the
Internet of Things (IOT), the online health monitoring, cloud computing, and the
trend of providing education completely online. Increase rates for data transmission
vary across the telecommunication network depending on the source. However, it is
widely known that yearly technological improvements in products placed within the
network lag considerably behind the consumer demand. To keep pace with these rapid
conversion, equipment manufacturers are expected to innovate more at scale, at speed
and at cost. This highlights the importance of device and component integration to
enable the next generations of efficient and scalable telecommunications products.
The hight level of demanded integration has severe requirements for hardware de-
sign but even more considerable issues are arising from a thermal perspective. The
thermal challenge increases with levels of integration, as the designer struggles to put
more functionality into a smaller chip. Packing so much functionality (e.g., devices
and components) into smaller package footprints will lead to substantial increase in
thermal densities which in turn will require deployment of new thermal compensation
solutions.

In the last years, photonic platforms with a high refractive index contrast have
been attracting much interest, for the possibility to integrate many optical functions

on a single chip. Among these, silicon-on-insulator (SOI) has emerged as a leading



technology for the compatibility with metal oxide semiconductor (CMOS) manu-
facturing, enabling the processing of large wafer sizes, high volume production and

ultra-dense integration of extremely compact photonic circuits.

However, a significant challenge for high index contrast photonic platforms is
associated to fabrication tolerance, highlighting the sensitivity of the effective index of
the optical waveguides to nano-scale dimensional variations. These variations expose
themselves in the form of phase errors in the photonic integrated devices. Considering
that most photonic devices are based on interferometric-schemes , their behavior is
altered immensely by any kind of phase perturbation. Furthermore, phase drifts may
be also caused during the device operation by temperature variation.

To mitigate phase errors in photonic integrated circuits (PICs), actuators capable
of actively controlling the phase shift in optical waveguides were deployed. As an
example, thermal actuators, locally modifying the refractive index of the waveguide
by thermo-optic effect, are a well-established method. However, thermal cross-talk
effects between actuators controlling neighboring elements of the same photonic chip
or among different circuits integrated onto the package may cause mutual unwanted

phase perturbations and impair the control procedures.

1.2 Thermal cross-talk and necessity of control in
integrated photonic

The ultimate goal of chip designer has always been the reduction of chip overall
size. Moreover this trend is bond to increasing the chip functionality, yet holding the
same fixed size as it is directly proportional to design and chip costs [26]. With the
building block model, the approach of reducing the chip size is interpreted as reduc-
tion between distance of each components, since the functionality of each component
(MMR, AWG, SOA ) is considered separately and optimized based on its own role.
The main issue arises here in view of the fact that the minimum distance between
building blocks cannot be easily manipulated since components interact with each
other and this interaction become more severe as the distance decreases. This inter-
action between elements of a chip is commonly defined by the term, cross-talk [24].
Cross-talk is responsible for the maximum possible component density in a single chip.
There are three kinds of cross-talk that contribute the most in photonic integrated

circuits (PICs). These three forms are radio frequency cross-talk, which is related



to capacitive and inductive coupling of radio frequency signals, the optical cross-talk
[101] addressed as light coupling between nearest elements and the scattered light;
and thermal cross-talk, due to the transfer of gradient heat from active components
like SOA, heaters, towards passive one, i.e. AWG, phase modulator, MRR and so
on. Traditional consideration in electronics identify thermal control of the circuits for
ensuring the long term operation of the system and so thermal management was con-
signed in the last steps of the design. But today thermal management stands as one
of the biggest bottleneck for moving towards next generation of telecommunication
equipment across entire network scaling from the nano (transistor/photonic active
region) to the macro (datacenter/telecom network) range [19].

PICs are performing an ever increasing role in telecommunication and computing,
but with respect to electronics they suffer more from temperature dependent perfor-
mance. The thermal transfer over the chip poses drift in operational wavelength of
the active and passive elements in the chip triggered by thermo-optical property of
material and consequently led to degradation in signal to noise ratio (SNR) of the
received signal and also bit error rate (BER). This problem become more critical
regarding on-chip laser efficiency.

As an example a major challenge is present in tuning micro ring resonators (MRRs)
[11]. The block of MRRs can be used for mux/demux operation, and they are ex-
tremely sensitive to refractive index changes. Thermal variation can shift a rings
response off its designed resonant wavelength. Silicon-based ring resonators are specif-
ically subjected to temperature-induced changes in refractive index (n) due to silicons
large thermo-optic coefficient of dn/dT = 1.86 x 107*/K. in [50] Resonance shifts of
0.1nm/K have been reported, which leads to considerable shift in wavelength caused
by only few degrees of shift in temperature. Figure depicts a WDM system con-
sisting of MRR each including a local heater to tune their performance[ll]. These
temperature hot-spots will generate a thermal gradient over the chip. This thermal-
induced change will push the rings to fall out of the designed resonance wavelength.
And since the heat sources are local, each fragment of the chip is subjected to dif-
ferent temperature shift. Such thermal gradient put WDM networks based on ring

resonator into significant operational challenge.

1.3 Control schemes in PICs

The issue related to thermal variation in on-chip optical communication has been

addressed at both device and system levels[41]. At device level, solutions relying on



Figure 1.1: WDM system consisting of MRRs, each including a local heater to tune
their performance

athermal-devices [15, [55], voltage tuning [51], local heating [6, 85], thermal-aware
MR synthesis [12], and feed-back control schemes [95] have been explored to limit
the thermal impact on or control the resonant wavelength of MRRs. At system level,
the analyses allow the influence of temperature variation on the optical signal power

received at receiver side [63, 4] to be evaluated.

Moreover, two general types of solutions has been offered to mitigate the vulner-
ability of index of refractive to temperature and fabrication imperfection. Part of
these solutions are introduced based on tuning schemes to compensate for the prob-
lems, and the rest are a-prior permanent solutions aiming just to reduce the effect of

thermal cross-talk inside the chip.

1.3.1 Passive tuning

Passive tuning is basically a permanent type of compensation that can be achieved
by manipulating the optical properties of a waveguide’s materials. There are some
techniques in which exploit either geometry or modifies the structure’s substances to
meet the objection. One approach to circumvent these process variations is based on
Trimming of the devices after fabrication. This is often performed by affecting the
waveguides cladding layer through stress or additional material layers [81], 38].

In [25] another on-chip solution has been investigated to overcome the limit in
miniaturization imposed by the thermal cross-talk. Deep trenches have been fab-
ricated in Indium Phosphide (InP) platform by wet etching and used as solution

to reduce the thermal cross-talk between active and passive components. The heat



sources are represented by semiconductor optical amplifiers placed at different dis-
tances with respect to the position of the Mach-Zehnder interferometers (MZI). Deep
trench has been used as a means to modify the heat transfer path between optical
components, since the air gap introduced through the aperture of the trenches act as
the thermal isolator.

Another solution mentioned in [25] is to investigate based on dry etch of the InP
to make the width and the depth of the trenches independent from each other. The
best approach to isolate the passive components relies in etching completely the InP
around them. So introducing deep rectangular shaped trenches could be considered
as an step to reduce thermal cross-talk.

Another technique to reduce thermal effect is based on fabricating a dummy silicon
optical amplifier (SOA) close to the main SOA to maintain a constant sum of the
injected current in both SOAs. The effect is based on having the temperature around
the SOAs area constant. This approach does not improve the miniaturization of the
PIC since the dummy SOA requires a specific chip area for its definition and moreover
the dummy SOA dissipates power without adding functionality.

In [86] two types of conductive shunts are introduced to improve the thermal dissi-
pation due to poor thermal conductivity of buried oxide layer Kg;0, = 1.3W/m/K on
structure consisting of a pre-patterned silicon on insulator wafer and III-V quantum
well active region. There exist a strong temperature gradient across the buried oxide
layer that highlights this layer as a significant barrier for heat flowing out of the I1I-V
and into the Si substrate.

The first type of conductive shunts, relies on thermal shunts, where the buried
oxide and epi silicon layers are etched away and backfilled with high thermal con-
ductivity material. As in [86] Poly-Si thermal shunt technology is chosen due to
its relatively high thermal conductivity (k = 34W/m/K) and compatibility with
CMOS manufacturing, by doing so a reduction in thermal impedance Z; from 41.5
to 33.5C'/W is observed. The second technology relies on metal shunts to reduce the
thermal impedance in micro disk hybrid lasers. In this approach a metal pad is placed
in contact with the micro disk to channel the heat away. Au (K4, = 317TW/m/K) is
used to fill up etched box trench and attaches at the resonator sidewall. Metal part
extract the diffused heat and leads to temperature drop.

In [29] an approach to eliminate the temperature sensitivity of Mach-Zehnder (MZ)
modulators is investigated by adjusting the thermo-optic effects of their interfering
arms through their waveguide width and length optimization. The core idea is based

on a principle that the guided mode encounter different effective index changes with



temperature dn.s/07 in the two arms of MZI, induced by different waveguide widths.
By choosing the arm lengths carefully, the temperature sensitivity of one arm can be
set to cancel that of the other arm, and overall temperature sensitivity can be brought
down to almost zero.

In [T1] liquid crystals are exploit for passive temperature stabilization of silicon
photonic devices. Liquid crystals possess high negative thermo-optic coefficient and
their refractive index decreases linearly as temperature rises in both the anisotropic
and isotropic phase. In [71] the method is validated for a ring resonator with air
cladding which experience 87.5 pm/C resonance shift. By using different liquid crys-

tal, better performances regarding to temperature fluctuation is met.

All the introduced methods aiming to create thermally insensitive structures ,
are well contributing to reduction of thermal cross-talk and adverse effects of heat
variation inside the integrated chip, but they compensate until a certain degree and
cannot be used to fully counteract the thermal issue, and to act so, they should be
accompanied by other techniques to perform in a adequate level.

Besides, such athermal design methods require additional materials and lithographic

processes that increase the cost and complexity of fabrication.

Contemporary literature proposes active compensation techniques to constantly
monitor and tune the chip and hence overcoming any abrupt undesired influence

arising from ambient, surroundings of the circuit and inside the chip itself.

1.3.2 Active tuning

Active compensation (tuning) utilizes external effects to change the optical properties
of materials. For example, in silicon on insulator (SOI) ring resonators, active tun-
ing is usually implemented via microheaters [21] exploiting silicons relatively large
thermo-optic coefficient. Tuning by carrier-injection also applies a DC bias to the
ring. Since highly doped P and N regions are used to form a P-i-N junction around
the ring, and free-carriers injected into (conversely, extracted from) the rings to cause
carrier concentration induced refractive index changes [83] [73]. In all such active com-
pensation methods, outside energy and feedback are required to prevent resonance
wavelength drift and offset. For instance, in the cited demonstration [2], changes
in the temperature of a microring modulator were inferred by monitoring the mean
power of the microring-modulated signal using an off-chip photo detector. And as

the control system, the bias current is varied to provide the necessary temperature



adjustment in the localized region of the microring modulator. In [9] the results of
[2] is further exploit and it is shown that optoelectronic components that comprise
the control system can be integrated onto a single device using CMOS-compatible
processes and materials. An important part of the active tuning scheme is feed-
back control part. In the last few years a significant amount of work has been done
on the feedback control and on the wavelength locking of photonic integrated cir-
cuit [65], [64) 100, 13, 7, 27, 56, 87, 102, [61]. Research efforts in this field have been
mainly focused on the mitigation of temperature sensitivity of optical waveguides and
circuits, on feedback locking and stabilization of passive and active devices. Figll.2]
summarizes and compares the primary techniques that were developed for the active

stabilization of MRRs in Si photonics.
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Figure 1.2: State-of-the-art of the wavelength locking schemes for Si photonic MRRs.

Actually, in Ref. [65] 64], 100] 13 07, 27], [87, 102, 6I] only wavelength locking
approaches for single MRRs were developed. Some of these techniques were demon-
strated on microring modulators [65] [64] 100, 13]. Since the feedback loop is much
slower than the bit-rate, locking a device in presence of a modulated signal has no
impact on the control scheme.

On the contrary, having to lock a specific device such as a MRR modulator might

affect the design of the locking scheme, in the sense that a specific device such as a

7



modulator might have particular working point, such as for instance along the slope

of the resonant peak.

1.3.3 Key elements for control in PICs

Going through conventional approaches for control some issues must be considered
to comprehensively conceive the control concept and various aspect associated with
it. In the following section, general substances required in a generic control schemes
is defined.

e Detection: all the proposed techniques require to monitor the optical power in
some point of the MRR. Either done through a tap photodetector, that can be
either integrated on-chip [65] [100, 13, 97] [f] or external [64] [87, 102] . Choice
of monitoring point is a key element in performance of locking. Drop port or
through port of filter or even monitoring the intensity inside resonators can be

options to deploy the monitor.

e Actuation: all the experimental demonstrations employ thermal actuators:
in [65], 64], 100, 13, @7, 27], [102, 61] conventional metallic heaters are utilized
(typically fabricated in nickel chromium or titanium nitride), in [87] low doped
Si regions. Thermal actuators fabricated through metal heaters are the legacy
solution to compensate for temperature variations, yet their electrical power
consumption is typically on the 1-10 mW scale to achieve a m-shift, and ex-
hibit a time response on the microsecond scale [50] [60]. While their speed does
not represent an issue to counteract relatively slow effects such as temperature
drifts, thermal cross-talk or high-power induced thermal variations, their power
efficiency should be improved to target ultra-low power solutions. In integrated
photonics, thermal cross-talk plays an important role in introduction of pertur-
bations between devices. Even inner thermal cross-talk plays a very important
role in stability of a device, for example between resonators of a coupled MRR.
These cross-talks introduce phase coupling which introduces unwanted changes
in resonances of MRR. Robustness against this issue is a critical characteristic

in the realization of a locking algorithm.

ntegrated tap PD for Si photonics are typically realized in germanium (Ge) [100] [13] or through
defect-enhanced Si waveguides [65].



e Electronics: regardless of the control algorithm, the detector or the actu-
ator etc., any wavelength locking approach requires some electronic control
unit to manage the feedback loop. Demonstrations [87],[13], [65, 64] [102], [61]
(MIT,Sandia, Columbia) have used off-chip laboratory instrumentation; while
interesting for first proof-of-concept experiments, no evidence of potential on-
chip integration has been shown.

Oracle [100], HP [97] and our group at Politecnico di Milano [27] have shown
wavelength locking of MRRs using CMOS integrated ASICs, and therefore have
implemented approaches that are directly exploitable for real and system-level
applications. Electronics are preferred to be as fast as possible to reduce delays
in control loop. Usage of an FPGA or DSP in cases were complex calculations

are required, is vital.

e Sensitivity to power fluctuations: as highlighted by Figure [1.2] whether or
not a locking scheme works in presence of power fluctuations is a fundamental
issue for its exploitation in real applications. In other words, the question is
whether the locking approach keeps working properly in case of a power varia-

tion due to the external environment, such as for instance on a fiber optic link.

e Wavelength locking demonstration: it is worth noticing that, while Fig.
Figure lists all the publications that have claimed a demonstration of wave-
length locking, not all of them have shown a clear evidence of such achievement
[97], [87].

1.4 Tuning and locking techniques

As far as the approach of locking is concerned, Columbia university [102, [61],[65] 64]
and our group [27] used a technique that exploits dithering signals because it offers a
feedback system extremely robust to power fluctuations.

Also Sandia has developed an implementation that is insensitive to power drifts [13],
yet as it relies on balanced homodyne detection, it seems to be hardly applicable to a
generic photonic component or circuit, rather is specific to the circuit configuration of
Ref. [13]. Oracle [100] and HP [97] have developed implementations based on sigma-
delta comparator or bang-bang controller, whereas MIT [87] relies on a max/min
search; the main limit of these implementations [I00], [97], [87] really seems to be the

detrimental dependence on power fluctuations.



As far as the controller type is concerned, most of the state-of-the-art implementa-
tions [65], 64], [102, [61], [13], [27] have used an integral controller; in Ref. [100] a
bang-bang controller has been used. Dithering techniques are preferred to be avoided
due to their power hungry nature. Speed of convergence (in terms of required itera-
tions to compensate a perturbation) and robustness against input power fluctuations

are two important characteristics to differentiate a locking method from others.

As a result, automatic configuration and wavelength locking is achieved by using
feedback loops that sense the rings resonance conditions and tune the rings accord-
ingly until the desired resonance conditions, or equivalently the filter responses, are
reached. Typically, while sensing is performed using photo detectors external [47] [62]
or internal [57, 20] to the rings, separate thermal tuners are required for tuning
[48, 142].

In [36] automatic tuning of a four-ring Vernier filter across a 36.7-nm wavelength
range spanning the the whole C-band is demonstrated by use of in-resonator pho-
toconductive heaters (IRPHs) to both sense and tune the resonance conditions of
ring resonators. IRPHs have the capability of both sensing and tuning the resonance
condition of a ring resonator simultaneously. The tuning algorithm works based on
finding the desired resonance condition of the ny, ring, denoted as R,, , by normal-
izing the cavity intensity of R,, by the cavity intensity of the R,_; . Thus only one
ring is tuned at a time, and at the end of each tuning step, the exact ®,,, satistfying
®,, = Oy, + Pip = 2(mod2m) is found, where @, is the initial round-trip phase of
the nth ring, and ®, ,, is the phase introduced by thermal tuning.

In this method, rings R, through R; are sequentially tuned, starting from Ry .
Figure|l.3|shows the step corresponding to tuning the nth ring, R,,. While tuning R,, ,

Ipp,, and Ipp,—1 are measured and the following optimization function is computed:

Lpp.n(®inn) _ Tnoy forn >1
N @ n) = IPD,n—l(q)th,'rl). In 11
forrn(Pinn) {]PD,nl(cbth,n) for n=1 (1)

Here I,, and I,,_; are the theoretical calculated cavity intensities of R, and R,; at
Ay, respectively, @y, ., , or equivalently V,, , is set to the value that maximizes fopr,
(Pihn). Maximizing fopr, (Pin) guarantees that the ratio of cavity intensities in
rings R, and R, , measured by Ipp,, /Ipp,—1 , matches the expected intensity ratio
I,, /I,1 . This, in turn, ensures that Rn is resonant at A;,,. When n = 1, fopr1(®Pim1)
reduces to maximizing the intensity in R; . In equation , forrns (Pinn) is always

maximized when ®,, = 0(mod2m), regardless of the resonance condition of R,; . The
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purpose of Ipp 1 is to works as a normalization factor for Ipp, as the amount of
light coupling into R,, at any point during the tuning step will depend on the cavity

intensity in R,,_;.

¥

Measure: Zpp .1 Ipp, s

Figure 1.3: Tuning step for R,,, Photocurrents Ipp , and Ipp,— are measured while
tuning @y, .,

It should be considered that applying such tuning to large scale PICs efficiently,
requires considerable amount of time as current demonstrations of active feedback
control for stabilization against thermal disturbances include many tuning steps, as

each heater is tuned individually.
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1.5 Thesis Contribution

In this work, we address the problem of controlling photonic integrated circuits in
two different structures, including one chip of microring resonators (MRRs) and a
Mach-Zehnder interferometer (MZI) chip loaded 2MRRs in the presence of thermal
cross-talk by using a simple, yet efficient control algorithm.

All-pass MRRs combined with MZI allow a wide tunability range for the filter
characteristics. Also MRRs itself, permit high level of integrations [45] as they pro-
vide a wide range of optical signal processing functions. For instance, they are used
as building blocks in many architectures such as modulators [72], [96], amplifiers and
lasers [74], 30} 311 B35, BI], wavelength converters [44] [79], switches and wavelength-
division multiplexing (WDM) filters 78], [91], [39] [66] [92] [33]. In particular, photonic
architectures based on coupled MRRs find many applications in optical signal process-
ing and routing for optical communication and interconnect systems [43], 5, 90, [68].
To recover the desired passband, the resonances of the MRR could be aligned us-
ing phase actuators driven by suitable tuning strategies. However, for sophisticated
structure to be suitable for volume production, control algorithms are required that
enable resonance alignment not only in case of wide variability in the initial detuning
but also when phase coupling effects between resonators occurs. If not considered,

phase coupling may lead in fact to divergence in sequential tuning of resonators.

We develop a technique capable of tuning and locking filters in integrated optics
exploiting thermo-optic phase shifters . This phase shifters are typically implemented
using metallic [28] or doped-silicon [8§] resistive heating elements that are widely used
for tuning PICs. (Recently, germanium-based in-resonator photoconductive heaters
have also been demonstrated for both sense and control operations [69], thereby
avoiding the need for dedicated photodetectors. However, these devices required
the deposition of germanium, increasing the complexity of fabrication.)

In our method, it is expected to compensate fabrication tolerances in the resonant
wavelength regardless of temperature fluctuation due to environmental variation as
well as thermal cross-talk effect from resonators of the same filter or other devices on
the same chip. This technique must be able to maintain compensated filter status
regardless of introduced perturbations. These perturbations can be in from of tem-
perature, aging, signal wavelength or input power level variation. Compensation must
be done transparent and without the need for a dedicated service time. Optimum

monitoring point must be chosen for feedback purposes. This approach is expected to

12



account for phase coupling between resonators due the inevitable thermal cross-talk.

Phase coupling introduce unwanted phase changes in the system.
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1.6 Thesis Outline

The rest of thesis is organized as follows:

e Chapter 2 briefly defines the theory of microring resonators (MRRs) and their
functionality, followed by mathematical description of the structure in different
configuration used to model a simulator in MATLAB. Later on, the theory of
Thermal Eigenmode Decomposition (TED) is defined, as an efficient algorithmic

method to fine-tune the photonic integrated circuits.

e Chapter 3 is dedicated to experimental results of the introduce MRR struc-
ture. At the begging, the superiority of TED technique over other conventional
methods, aiming to tune PIC is validated. Afterwards, a set of experiments are

carried out to exploit the structure as a router.

e Chapter 4 attempts to implement the TED-technique on a new filter struc-
ture consists of MZI loaded by MRRs. Thereafter, the contribution of TED-
algorithm on configuring and re-tuning the presented filter in presence of vari-

ation (thermal, input signal spectrum) is clarified.

e Finally Chapter 5 takes care of summary, conclusion and possible further ex-

tensions of the current work.
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Chapter 2

Thermal Eigenmode
Decomposition: theory and
simulation

In this chapter, theoretical concepts related to microring resonators (MRRs) are in-
troduced. It starts with a brief discussion over general properties of ring resonator,

and expand it over to explore some typical existing configurations of MRRs.

Later on, the concept of Thermal Eigenmode decomposition (TED) is pre-
sented, as a technique to overcome thermal cross-talk effect. It is followed by establish-
ing its advantages over other techniques, aimed to fine-tune the photonic integrated

circuits in presence of thermal cross-talk.

Last part is dedicated to validating the possibility of fine-tuning a chip of MRRs
via TED technique, through a numerical simulator in Matlab.
It would be of special interest to mention that TED is a general concept and has
the capability of adaptation to any integrated structure. Indeed, at the beginning
of study and to demonstrate a simple intuition to it, we exploit TED as a means to
fine-tune a mesh of MRRs. The performance of this device is extremely sensitive to

thermal variation, so it validates the TED-technique over a severe condition.
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2.1 Microring resonators (MRRs)

Optical microring resonators (MRRs) are extensively described in literature [34, [82].
They attract too many application in telecommunication and also quantum comput-
ing systems as they offer high-order spectral features such as steep roll-offs and high
extinction ratios. Generally, a ring resonator consists of a looped optical waveguide
and a coupling mechanism to access the loop. Ring resonators can be studied as an
interferometric device, that resonates for an input light with wavelength of multiple
integer of rings circumference. When the waves inside the loop make a round trip
phase shift that equals an integer times 27, the waves interfere constructively and
places the cavity is in resonance condition.

In what follows, we briefly explain all concepts and formulas required to describe the

functional behavior of ring resonators.

A basic arrangement of ring resonators labeled as All-pass configuration consists
of unidirectional coupling between a ring resonator with radius r and a bus waveguide

is depicted in Figure |2.1

Figure 2.1: Model of single ring resonator with one bus waveguide[76]

The device in this configuration could be described as follow: Light source enters
the device, via port E; and travels through the bus waveguide. The wavelength
corresponding to resonant wavelength of the ring, is coupled to the ring, and the
portion of the input light that is not corresponding to the resonance condition of
the ring, will leave the structure through port E;; without any further effects on its

intensity or phase.
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Equation [2.1] aims to mathematically describe the resonance wavelength of a sim-
ple ring resonator.

. QWRneff

A, (2.1)

m
Where R is the ring radius constructed by a circular waveguide, m is an integer

and ners is the effective refractive index of the structure. To further study and
mathematically model the structure, the interaction of input, coupled and the output

light with reference to Figure [2.1] is expressed in matrix below:

(gzn:(—tkf)(g) (2.2)

Where, E is the normalized complex mode amplitude, k£ and ¢ are the coupling
parameters. Their values could differ based on the specific coupling mechanism used.
Since the matrix is symmetric, we have: |k?| + [t?| = 1. In order to simplify the

model we choose E;; = 1. The round trip £ is then given by:
EZ‘Q = O_/ejeEtg (23)

where « is the loss coefficient of the ring (zero loss: @ = 1) and § = wlL/c, L
being the circumference of the ring (= 27R) and c is light velocity inside the ring
(c =co/neff), and finally w is the angular frequency.
with further quantitative manipulation [75] these final equations are obtained for E

on the resonance condition:

= % (2.4)
Ba=— (25)
By = #ktee (2.6)
and below corresponding values are obtained for power:
P =1 = LT 27)
Py =|Ep|* = % (2.8)
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Figure 2.2: Model of ring resonator in add-drop configuration[76]

By means of these generic equations, it is possible to establish a rough idea on
ring resonator’s functionality.

The next structure is a ring resonator in add-drop configuration. This configura-
tion has four ports referred as input, throughput(Through), drop and add port, as
depicted in Figure

Following equation describes power in the drop port:

(16 )(A = [t2*).0

Pro - E'ro 2=
drop | ¢ p‘ (1—O[|t1t2|)2

(2.9)

In ring’s resonance frequency the through port amplitude, Ey;, is equal to zero (for
t; =ty and a = 1). It indicates that in the resonance condition, power is completely

extracted by the ring itself and eventually will exit through the drop port.

Figure depicts two free spectral range (FSR) of through and drop ports’ trans-
fer function of MRR in add-drop configuration. As illustrated in the figure, in this
configuration it is expected to experience a notch in resonant wavelength while mon-
itoring the through port, as the whole power is resonating inside MRR itself.

The resonance wavelength of a ring resonator can be actively tuned in several ways,
and thermal tuning is the most widely used technique. Thermal tuning exploits this
to the effective index and thereby the spectral response, according to equation [2.1}

Figure [2.4] shows the drop spectrum and resonance wavelength shift of ring filter
as a function of temperature, respectively. In practice, inside photonic chips, each el-

ement requires an individual heat source to address them separately. This is achieved
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Figure 2.3: Transfer function of a MRR in add-drop configuration

by using micro-heaters, which can be placed either at the top or at the side of the
device as a heat source with sufficient isolation to avoid optical loss. The most com-
mon heater configuration (which is also the case in our experimental chip) is placing
the heater on top of the device [22, [17, [4, 23]. However, other configurations such as

a lateral placement is available using CMOS process.

2.2 Thermal cross-talk model

For illustrating the concept of the thermal cross-talk, let us consider the schematic
of Figure 2.5{(a) showing an arbitrary photonic integrated circuit (PIC) consisting of
N optical waveguides with thermal actuator integrated in each of them. The status
of circuit is identified by the phase vector ® = [®;...P N]T, where ®,, is the current
phase in n-th waveguide. When an electrical power is applied to the n-th actuator,
it is expected to introduce a desired phase change 0®,, to the n-th waveguide, where
the actuator is integrated, with no effect on the surrounding waveguides. However,
due to thermal cross-talk, some phase perturbations are also introduced in the other
waveguides. Considering Figure (a) the actual phase shifts 0® = [6®;...00y]T
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Figure 2.4: Shift of resonance wavelength in a generic 2nd order MRR versus tem-
perature variation

induced in each waveguide is given by:

Tll T12 T13 Tnn

~ T21 T22 T23 e Tnn
5@ = T31 T32 T33 Tnn 5@ = T(SCI) (210)

Tnl Tn2 Tn3 Tnn

Where §® = [§®;...0@y]T is the desired phase shift and T is the phase coupling
matrix taking into account all the self (diagonal) and cross (off-diagonal) phase shift
contributions. Without loss of generality, all the diagonal terms can be assumed uni-
tary, that is T,, = 1. The phase coupling coefficient T}, between the n-th actuator
and the m-th waveguide depends on the PIC topology, photonic platform and not the
status of the circuit.

When applying control algorithms for the automatic tuning of the PIC, mutual phase
perturbation among thermal actuators must be compensated. However, individual
correction of each phase change 0®,, is not an effective method for controlling the
system. First, this would require for each actuator the need for post-compensating

the thermal cross-talk that has been introduced by other actuators at previous steps,
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Figure 2.5: (a) Schematic representation of a PIC integrating N phase actuators in
presence of phase coupling induced by thermal cross-talk. (b) TED concept: the
effects of thermal cross-talk are canceled by simultaneously driving all the coupled
actuators according to the eigenmodes of the thermally coupled system.

thus leading to a substantial increase of iteration number required to steer the PIC

to the desired working point.

2.3 Introduction to Thermal Eigenmode Decom-
position (TED)

To circumvent presented issue, we propose Thermal Eigenmode Decomposition (TED)
method. TED provides a strategy to cancel out the unwanted effects of thermal cross-
talk on the actual phase shift applied to the optical waveguide. Mathematically, the
concept is extremely simple because it is essentially a coordinate transformation,

mapping the phase variables ® , which are thermally coupled by the 7" matrix, into
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a suitable set of uncoupled phase variables ¥ = [§WU;...0U y]7, for which the phase

coupled matrix Tp becomes diagonal. Assuming 7" to be diagonalizable, we can write:

6® = PTHrP~16d. (2.11)

Where P is a matrix whose columns are linearly independent eigen-vectors of T,
Tp is the diagonal matrix containing the corresponding eigen-values, and P~! is the

inverse matrix of P. Multiplying both side by P~! we obtain:

oV = Tpow (2.12)

where

U = P 15d (2.13)

is the phase shift imparted to the transformed phase variables W. Since T is diag-
onal, any change in each element of vector ¥ does not effect the other elements. In
other words, the elements ¥,, = P, '® where P, ! is the n-th row of the P~! matrix,
identify orthogonal directions in a transformed phase space, enabling to apply uncou-

pled, and hence well controllable, phase modification to the system.

From physical stand point, the TED method implies that all the actuators, that are
thermally coupled, need to be simultaneously modified to apply the desired change.
The wights are defined by the eigenmodes of the thermally coupled system, that is
by the rows of the P matrix.

To further illustrate the concept of thermal eigenmode decomposition, we use the
structure of mesh of 4 MRRs depicted in the Figure to practically establish the
theory on.

The round trip phases of each MRR is shown in the figure (¢; with i = 1,2, 3,4).
we suppose that due to some perturbations, the phase of MRRs are drifted away with
respect to objective tuning points. This phase shift is called d¢; and it could be either
positive or negative. To counteract this effect, a phase shift equal to —d¢; should be
applied to each MRR. As defined earlier, due to thermal cross talk phenomenon
between heaters, also neighboring heaters will go through undesirable phase shift
originated from correction voltage applied to each individual MRRs.

So considering the system consisted of 4 interconnected MRRs, if we apply the
required amount of voltage to get the desired phase shift in each of them, the resulting

transfer function would be nothing like the intended one as a result of unwanted
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coupling arising from thermal cross talk phenomenon. The phase coupling matrix of

the current structure is as follow:

0 Lo opop 5o
I - , 2.14
093 popo 1op 03 (2.14)
N popopo 1 o

Where 0¢; are the intended applied phase shifts whilst ” 595{’5 are the changes
induced to each MRRs due to phase coupling phenomenon. For sake of simplicity we
consider equal cross-talk between all heaters noted as p.

By extracting the eigenvectors of phase coupling matrix introduced in equation
[2.14] a correct direction of movement is applied to heaters simultaneously, to counter

effect the cross-talk in each step. below matrix is the eigenvector of the structure:

101 -1 1
1 0 0 1

P=| 4 1 o i (2.15)
0 0 1 1

These orthogonal vectors promise an uncoupled compensations in a sense that

steps taken in these direction would not perturb neighboring MRRs.
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TED proposes 9; vectors as the new coordinate to perform the control operation
on. The values on matrix below define efficient weights of each component of new

coordinate vector to be taken in each iteration:

0y T i 7 7 01
0t T 7T i1 7 062
o [Tl R ] e 219
04y i & @ i 04

2.4 Tuning and locking of MRRs: numerical mod-
eling

After defining TED as a general technique capable of practicing different tasks, we
exploit it for fine-tuning in integrated structures. In general, locking process exploit
different measures as the reference signal. Our choice of reference goal is based on
measured optical power.

The flowchart is a generic chart summarizing the steps taken in tuning process.
The reference signal at the objective point is measured, then it is compared with the
goal point. The succeeding steps will be taken based on the distance of measured
signal and the reference point. If the swept step, results in a poorer status with
respect to prior measurement, the direction of movement is altered. To apply TED
as a mean to lock the structure we proceed with the same flowchart but the steps
are taken based on eigenvectors, and the corresponding round trip phase is calculated
and applied. After each step, if the monitored power proceeds towards the desired
value, same steps are taken, otherwise the direction of movement is reversed simply
by changing the sign of d). One output port is selected to monitor the power and
the goal is to reach the maximum power.

The choice of stopping point for the algorithm depends on the implementation
scenario. Best approach is knowing how close is the algorithm (filter shape) to the goal
(shape of the fine-tued filter ) and choose the stopping point based on that. Percentage
of power at defined port of the fine-tuned filter can be a stopping point. Locking
method presented here is capable of real time implementation (meaning as a never
ending process) but for the sake of simulation in this chapter a stopping point is always

used to stop the iterations. Continuously taking steps in eigenvectors (change in
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Figure 2.7: Flowchart of a generic tuning process
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round trip phases of each ring) leads to possibility of observing external perturbations
like temperature or wavelength drifts after reaching the fine-tuned filter. Relevant
compensation can be applied to maintain this status of tuning. Consequently, there
will be small residual oscillations in transfer function of locked filter. This oscillation
can be minimized by decreasing the step size while being close to the optimum point.
This could be practically done in adaptive stepping scheme, which step size evolve

based on the distance of sampled signal from the preset goal point.

2.4.1 Simulation of routing input signal

The software package used to model the structure and the parameters associated
with it is MATLAB R2017. for each chip, a mathematical model describing the func-
tionality of circuit is developed inside MATLAB. Through and drop port transfer
functions are calculated on defined number of frequency points. The frequency range
in which the simulation is performed is defined based on the tuning range (in this
case of analysis its one FSR of the filter which is about 50GHz) while considering
minimum acceptable frequency resolution. Output power at drop or through port is
calculated using optional input power (choice of modulation scheme and bit rate).
This power is exploit in tuning and locking process. This numerical simulator can
consider coupling noise, thermal cross talk between resonators to evaluate the effi-
ciency of tuning methods in existence of these kinds of imperfections. It can introduce
perturbations in form of input power variation, wavelength fluctuation to examine the
locking methods.

Random initial cases of perturbed filter (by introducing a random shift in round
trip phase of each ring) are introduced and round-trip phase of each MRR is swept
searching for max optical power. In practice sweeping is done while taking steps in
heater voltages but here for the sake of modeling, these steps are taken in round-trip
phase of each MRR. The goal power to stop is defined based on maximum iteration
number. However, it is possible to stop after reaching a certain percentage of power
which outlines the multiplication of signal and filter in frequency domain. The fre-
quency resolution in simulation is about 50MHz. The first simulation models the task
of tuning and routing input signal to a desired output.

Among all the components that must be integrated into the network to allow on-
chip photonic communication, switches are the fundamental building blocks capable
of routing the signals along the different ports of the network thus connecting the
different processors. In our case the switching mechanism corresponds to the signal

path, depend on the variation of the refractive index induced by the applied voltage.
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The switching velocity of the active device can significantly influence the overall
network functionality as it contributes to signal delay.

We initiated 100 random cases to model diverse range of perturbed transfer func-
tion to lunch the algorithm on. As mentioned earlier, in real experiment these cases
are modeled by random set of input voltages injected to heaters but here we introduce
them as random round-trip phase inside each ring. With reference to Figure 2.6, we
lunch the input spectrum from input port 2 and extract it from output port 3, so only
MRRs 3 and 4 are involved in forming the final transfer function. We execute the
feedback scheme by choice of maximizing the output power. In this argument, MRR
4 is expected to route the signal to its drop port which corresponds to the output
port.

Figures and depict initial random perturbed filters and final locked and
tuned filters, respectively.

Drop port of MRR4, functions as the filtering component to route the desired
spectrum of input signal out. Therefore as expected, the round trip phase of MMR4
in all the cases have to converged to the same value, to maximally route the input
signal towards its output port. It is well grounded that starting points are disregarded
in study of locked filter, as they don’t leave an impact on the final result.

These tests highlighted TED capability of locking and tuning integrated chip.

2.4.2 Comparison between individual-based and TED-based
tuning

Up to know, the standard solutions for the tuning problem have been based on in-
dividual tuning of each element separately. As TED provides a transparent scheme
for tuning and does this task in a orthogonal manner in which cross-talk effect is
canceled automatically. We expect it yields significant speed advantage over conven-
tional individual methods of tuning. To verify this property, we lunch a comparison
test between TED-based and individual-based tuning method.

10 cases for initial perturbed filter are lunched identically for TED and individual
tuning and the result in term of required iteration number in order to converge to the
goal point is established.

Figure 2.8fllustrates the final result. Blue-solid lines represent TED-based tuning
and red-dashed lines are individual-based tuned. There is a clear advantage in follow-
ing TED-technique for tuning the integrated chip in term of speed and also accuracy.
As later will be discussed, individual-based tuning method not only speed down the

tuning procedures but also fail to converge in some certain cases.
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Figure 2.8: Power gradient change of individual and TED based tuned filters Blue
curves are TED-based and red curves are corresponding results for individual-based
tuning.

In the next chapter, further experimental tests are carried out to remark the

peculiarity of TED-technique also in term of practical performance.
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Figure 2.10: Transfer function of fine-tuned filters with TED technique
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Chapter 3

Experimental results

This chapter is dedicated to practical experiments performed on mesh of Microring

Resonators (MRRs).

It starts by introducing the fabrication technology of the chip under test, followed
by defining the experimental setup.
The fabrication platform of the device under test (DUT) is in high-index-contrast
Silicon Oxynitride (SiON). It is important to mention that although in this thesis
TED is only applied on a certain photonic platform, it is a general algorithm and it
can be implemented on different photonic fabrication technology as Silicon, Silicon
on Insulator (SOI), Indium Phosphide (InP) and etc.

Later on, different scenarios are defined and experimentally evaluated, including

ability of chip to follow the input signal by assistance of TED technique.

In the final part, the performance of structure is evaluated in absence of TEC

controller (which fixes temperature of chip on a certain degree).
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3.1 Silicon oxynitride (SiON) technology in inte-
grated photonics

The technology used for fabricating the under test structure (mesh of 4 MRRs) is in
high-index-contrast Silicon Oxynitride (SION) waveguides.[I] In this technology the
optical waveguide has a square shape with almost 2.2 x 2.2 ym size.

A Scanning electron microscope (SEM) photograph of the waveguide cross section is
reported in Figure [3.1)(a), and in Figure [3.1(b) the coupling region of a directional
coupler, before the deposition of the upper cladding, is illustrated.

The Sion core, with a refractive index ng;,,=1.513, is deposited by Plasma En-
hanced Chemical Vapour Deposition (PECVD) on a thermal silicon dioxide substrate
with ngio2 = 1.4456. The waveguide index-contrast is about 4.5%. Before lithographic
processes, an annealing treatment at 1100 C has been conducted to reduce both ma-
terial losses and stresses. A 200 nm under-etching was required to completely remove
the SION layer within the gap region of the couplers, where the etch rate is slower. As
upper-cladding material, BP (Boron-Phosphorous) glass was employed rather than
PECVD SiO2 because it was found to guarantee better performance in the waveguide
coverage. Complete gap filling was observed in the gap region of directional couplers

for distance between waveguides down to 1.6 x4 m, corresponding to an aspect ratio
of 1.4:1.

o _BPSG
SiON
Th. SiO,
3pm EHT = 1.30 kV {
: E WD = 4 mm H

Figure 3.1: (a) SEM photograph of the SION buried waveguide cross-section; (b) top-
view photograph of a directional coupler realized in SION technology. In the inset of
the figure the waveguide cross section in the coupling region of the coupler is shown.
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The filter is made from four interconnected MRRs as illustrated in Figure [3.6]
Based on the specific use, we choose one of the topmost ports as input and rightmost
ports as output. Evidently, by selecting different ports as input/output, different
transfer functions are observed, as explained in previous chapter.

Depend on the function, we can opt for diminishing the undesired wavelengths by
exiting within through port of a MRR which its resonance is set to that specified
wavelength or leaving through drop port of a MRR to let the desired wavelength

appears on the output.

3.2 Experimental setup

In this part, we go through all the details on the test setup. The described setup
is used in all the experiments presented in this thesis. Any further details related
to other sections will be pointed out if necessary. Schematic of the entire setup is
depicted in Figure

The setup consists of a electrical and a optical portions.

e Optical section Starting from left part of the figure, tunable laser source ini-
tiates the light signal followed by polarization controller in which sets the po-
larization of input light to match with modulator. Then the input light enters
the modulator while the modulation scheme is customized for each experiment.
In almost all the cases the modulation scheme is OOK except the one which
is QPSK and will be point out in its order. Later on, an Erbium-doped fiber
amplifier (EDFA) is exploit to compensate for excessive loss as EDFA is also
amplifying spontaneous emission, it is followed by a tunable bandpass filter
(BPF) with span of 2nm in charge of rejecting the off-band noise caused by
EDFA. After BPF, another polarization controller is used to tune the existing
status of light inside optical fiber to its optimum level to be launched into the
chip, and since the embedded waveguides in Sion is sensitive to polarization
status of input light, this task should be carried on carefully. Using variable
optical attenuator, desired level of power is launched into chip through a small
core fiber.

At the output of the chip, series of dividers are used to split the optical power
into 3 branches. One is supplied into optical spectrum analyzer (OSA) to ob-
serve and analyze the transfer function of filter. Second path is fed to a power
meter for measuring the average optical power, this is used during the alignment

of fibers/chip and also for manual observation of the power variation during the
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locking process. The last branch is fed to a photo diode which is connected to

signal acquisition system consisting of a Lock-in amplifier.

Polarization l Polarization R D,%J_T M
controller controller (Interconnected MRRs
h 000 [ 000 Power
H meter
Tunable modulator Tunable BPF Variable
optical source EDFA (2nm) attenuator P-meter

30%

Figure 3.2: Schematic of entire test bench setup

e Electrical section The lock-in amplifier (Zurich Instruments HF2LI + MF +
RT) has 6 independent Lock-In frequencies, 2 analog input (210 MSa/s, DC to
50MHz), 2 primary + 4 auxiliary outputs, 2 auxiliary inputs embedded microb-
laze processor for real-time operation. In the experiments 4 aux outputs and
one aux input are used to control the filter. Zurich instrument is controlled by
a PC through USB interface and provides 4 outputs to control the 4 heaters of
the filter and one input to read the voltage of photo diode.

Auxiliary outputs of Zurich are limited between 4-10 volts which limits the
dynamic range of heaters. To overcome this limitation a voltage source is used
to provide a virtual ground for 4 outputs extending their voltage range as shown
in Figure 3.3

By setting the external voltage source at +5 V the range is extended to 15 volt.
Therefore in the represented experiments -5 volt at the output of Zurich Inst.
corresponded to zero volt for heaters, like wise 410 means 15 volt applied to
them. Overall current passing through the external source presents the total
power fed to the chip and must be monitored during the locking not to exceed

the burn out limit of heaters.

Picture of the bench is presented in Figure And the top view of the chip is

shown in Figure 3.5
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Figure 3.3: Circuit for extension of heaters’ voltage dynamic range

The temperature of the chip is controlled by a thermoelectric cooler (TEC) which
is controlled via closed loop controller. The feedback system is provided by a thermo-
resistor attached to the holder. (temperature stability is in order of 0.01 degree and
it is fixed at 25 degree).

Another significant part of electrical portion is the modulation board. The pe-
culiarity of proposed experimental tuning scheme is presence of modulated signal
as the input signal instead of continuous wave (CW) laser signal. Most of tuning
methods have been tested via CW input signal [49]. Modulated signal offers a set
of more accurate results for real application. Here, we benefit from both OOK and
QPSK-modulated signals.

3.3 Experimental results on MRRs circuit

In this section, we illustrate the results of experiments performed in the integrated
photonic laboratory. The chip under test is shown in Figure [3.6] As disclosed in the
figure, it consists of mesh of 4 MRRs. The gold lines are metal conductive tracks
connected to pads in one end, and heaters on other end, responsible for the current
flowing into heaters. This current is controlled by voltage assessment on the pad and
it is transformed to heat which modifies local refractive index of the material leading
to change in MRRs’ resonant wavelength.

There exist four input and four output ports. Either of them could be chosen based

on the task required to be performed.
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Figure 3.4: Picture of test bench
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Figure 3.5: Picture of chip bonded and mounted on a TEC
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Figure 3.6: Microscopic view of mesh of 4 MRRs in SiON technology

3.3.1 Comparison between individual and TED-based tuning

First set of experiments belong to validating effectiveness of TED tuning algorithm on
the chip under test in presence of thermal cross talk. Conventional tuning methods
for these kind of filters exploit sequential sweeping of individual resonance of each
MRR to locate them into desired wavelength (here referred as individual tuning).

Without loss of generality, we assume cross talk induce equal phase coupling u be-
tween neighboring MMRs on the chip, so the phase coupling matrix is as indicated

in the previous chapter, as follow:

(3.1)

TE T~
TR PE
T R,ETE
SRS

Without further duplication of concepts, the eigenvectors of current structure is
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as calculated earlier:
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The test is executed with 10 random initial phases intentionally introduced to
heaters. At input port 4 an optical signal modulated with 10GHz On-Off Keying
(OOK) is injected to the chip.

To point out the benefit of TED method, the experiment was initiated for both TED-
based and individual-based tuning algorithm to compare the results. Needless to say,
the initial random points are identical in both cases. The filter is tuned by using
the procedures described in the previous chapter and the goal is defined based on
maximizing the output power at port 3. The process is stopped after 40 iterations
in each trials. Figure illustrates the convergence curves in both cases. Blue-solid
lines are TED-based and red-dashed lines are individually-tuned cases. As shown in
the figure, TED-based trials have converged to goal output power after maximal 20
iterations. But in individual tuning approach, not only they plead for more iterations
to converge but also suffer from instability issues and in some cases they are not even

converged to goal point and keep oscillating.

3.3.2 Single and double channel routing

Photonic networks-on-chip (NoC) has recently gained popularity as a practical sub-
stitute for traditional electrical interconnects for next generation of chip multipro-
cessors (CMPs)[37]. Global metallic interconnect delays increase exponentially and
becoming a bottleneck for improving the performance of CMPs, Hence the optical
interconnects have broader bandwidth and lower latency compared with that of elec-
trical ones [32] [54].

By utilizing an optical network to link multiple processors the full capability of large
on-chip parallel systems can be obtained [§]. However, a major task in any network
is the ability to route and switch. Routers perform the duty of dynamically select the
destination for the input source.

Network of interconnected MRRs are considered as a hitless scheme to design passive
routers, in which perform by routing signals based on their wavelength [84, 99]. They
may well be exploit in WDM systems as an optical add/drop multiplexer (OADM).
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Figure 3.7: Output power variation in TED versus individual tuning methods. (red
dashed lines are individually-tuned & blue solid lines are corresponding TED)

Interconnected MRRs in proposed structure are particularly useful since they can be
tuned to filter a specific wavelength and pass it along to different waveguides and
doing so, switch the direction of input light.

When the resonance condition of MRR is met (as quantified in second chapter), input
signal is switched and consequently light is passed to the drop port instead of the
through port.

In this part, we practically assess the ability of purposed structure of intercon-
nected MRRs to route the source signal.
The first experimental test is dedicated to single channel routing. Ports 4 and 3 are
chosen as input and output ports, respectively.
The modulated signal spectrum entering the chip exploits MRRs number 3 and 4.
As a result, the filter’s transfer function is foreseen to have a notch corresponding to
resonant wavelength of 3rd MRR and a peak match with that of 4th MRR.
Experiment is initiated for 10 different perturbed cases. These cases are defined by
introducing 10 random sets of voltages to heaters mounted on top of MRRs, through

pads. These values push heaters to different points, thus forming diverse transfer
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functions as shown in Figure |3.8

Input signal is lunched with specific central wavelength and the algorithm is exe-
cuted inside MATLAB whilst controlling the chip via Zurich instrument. The numer-
ical simulator objection is defined based on maximizing the output of port 3, in such
a way that in each iteration, output power is sampled and compared with previous
step and the numerical function is designed to increase it.

Hence a singular maximum point exists, we expect the filter’s transfer functions in
all 10 trials, converging to almost same point.

However, it should be noted that applied voltages are restricted to certain values, to
prevent burning out heaters. This obligation puts limitation on the filter’s tunability
range.

Figure (3.9 shows the fine-tuned frequency response of filter for all considered cases
after implementation of TED algorithm. As expected, regardless of initial status of

transfer functions, all 10 cases have converged to almost same spectra.

Next scenario is defined for two different channels in input spectrum, and the
objective is routing them to two different output ports. The peculiar asset here is the
capability of doing so by only detecting and sampling of one output.

For this purpose, we employ frequency labeling technique[7]. To investigate this tech-
nique, more involved setup is required. The scheme of new arrangement is depicted
in Figure [3.10]

As disclosed in the scheme, two optical sources are required in order to produce
two different optical channels. The technique outline, works based on applying labels
to these different optical wavelengths and route them to different outputs. These
labels are local low frequency signals (different from each other) shallow modulating
the optical carriers.

To further clarify, we refer to Figure [3.10] Laser number one is OOK-modulated
with 10GHz data-signal and later it is labeled with a low frequency signal (100KHz)
denoted as labell. In the second branch, CW channel is only modulated with low
frequency tone signal (300KHz) denoted as label2. Afterwards, these 2 optical signals
are combined together and pass through the rest of the arrangement which is identical

to prior setup.

Upon exiting the chip, optical signal is fed to a photodetector, and turns into an

electrical signal consists of two different frequencies each exposing different labels.

39



Insertion loss [dB]

Insertion loss[dB]

1563.3 1563.4 1563.5 1563.6 1563.7 1563.8 1563.9 1564 1564.1 1564.2
wavelength[nm]
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Figure 3.9: fine-tuned transfer functions
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Figure 3.10: Schematic of setup for routing two channel spectra

Finally this electrical signal is demodulated with label signals frequency via Zurich
instrument, and therefore amplitudes of them are separately distinguishable in order

to tune each MRR to a different optical channel.

The optical path inside chip is depicted in Figure [3.11] With reference to Fig-
ure , input channel enters the router (mesh of MRRs) through input port 2. The
objective here is to route A\; which corresponds to optical channel identified with la-
bell to output 4 and route the optical channel with label2 () to output 3.

To achieve this goal, resonance wavelength of MRR3 should correspond to optical
channel 1 and resonance wavelength of MRR4 should match with that of channel
2. Meeting this condition, A\; and As are routed to MRR3 and MRR4s drop ports,
respectively.

Since the only monitored signal is output 3, the goal function is defined based on

maximizing the following condition:

A2 — A1 (3.3)

Since input optical signal passes through a filter with one notch and one peak in
its transfer function, the only means to reach the target point, is to set local maxima
on Ay (MRR4 dropping A2) and local minima on A; (MRR3 dumps A in its through
port) .

10 set of randomly chosen voltages have been applied to heaters as the initial
points, defining the goal function to maximize the difference between amplitude of
label2 and 1.
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Figure 3.11: Schematic of chip in case of routing 2 different optical channels.
It is important to note that the present experiment relies on using labeling tech-

nique, as a method to read the amplitude of channels separately and define a goal

function to achieve a unique transfer function as the result.

Transfer Function

Insertion loss[dB]

1550.6 1550.7 1550.8 1550.9 1551 1551.1

wavelength[nm]

Figure 3.12: fine-tuned transfer function of filters in case of two-channel routing

needless to say, several channels could be selected and directed through different

outputs, exploiting adequate error function.
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3.3.3 Disconnected thermoelectric cooler (TEC) experiment

Up to this point thermoelectric cooler (abbreviated as TEC) with a close loop con-
troller, has been a inseparable part of our setup bench. TEC-controller maintains
overall temperature of chip constant through the Peltier effect. Therefore the chip is
immune from undesirable impact of heat gradient due to heaters and ambient tem-
perature variation.

In this section we resolve to evaluate the set up performance while disconnecting the
TEC controller. As the feedback control is constantly on, it is presumed that the
algorithm itself should compensate for absence of TEC-controller leading to harsh
temperature variation of chip. As the temperature of chip keep rising up, it is ex-
pected from control scheme to decreases the overall applied electrical power to the
heaters in order to maintain the filter’s transfer function in its desired position and

neutralize the temperature boost overall the chip.

The experiment is performed for 7 random trials. As before, a random function
choses initial points for heaters and then algorithm is executed to guide heaters to
their correct values. Initial temperature in all the cases is 25 degree as previous tests.
Figure discloses the final result with final temperature of the chip in each trial.
Within almost 40 iterations, All the the transfer functions has reached optimum point.
The experiment is continued to monitor the variation of chip temperature and the

performance of algorithm alongside, to test its robustness.

Figure [3.13] suggests that as temperature raises up, voltage values injected to
heaters evolve themselves to maintain the power nearly constant, slightly oscillating
close to optimum point’s power. Final results, attests the strength of algorithm for
compensation in case of TEC absence.

It is important to mention, since on-line operation of TEC leads to high power
consumption, capability of disconnecting it from the system saves notable amount of
power.

It is another significant advantage of TED over other techniques, as its fast and
transparent tuning mode, allows designer to further reduce power consumption inside

PICs package.
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Figure 3.13: Output power variation in case of disconnected TEC-controller for 7
different trials
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Chapter 4

Adaptive and tunable bandwidth
filters

The aim of this chapter is to apply TED technique on a more sophisticated structure,
consists of a Mach-Zehnder interferometer (MZI) loaded by two MRRs in all-pass

configuration. This structure is identified as a tunable bandwidth filter.

First part starts with introduction on reconfigurable filters and their property
(tunability and adaptation), followed by expressing their significant roles telecommu-

nication systems.

The second section is dedicated to surveying effectiveness of TED method on the
proposed structure. The objection is defined based on reconfigurability of the filter.
Through simulation and experimental tests, TED technique succeeds in tuning and

adapting filter’s bandwidth to the input signal spectrum.
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4.1 Reconfigurable filters

Optical filters are one of the key components inside photonic integrated systems,
like wavelength division multiplexing (WDM) networks, as they are recently tak-
ing over as the chief technology in point-to-point transmission links[80],microwave
photonics[59][53]and optical communication systems[16].

Optical filters are used to separate the desired channel from rest of the band. Adapta-
tion to input signal wavelength and bandwidth are two desired key features, allowing
minimizing the pulse distortion and maximizing the signal to noise ratio (SNR), as
well as adjustment to different bit rates[14].

Many different techniques have been proposed for filter design[52] [46] [70] [67]. However,
for obtaining flexibility in bandwidth and central wavelength, more involved tech-
niques are required. For instance, one proposed method is tuning coupling sections
of MMR[93][10] to achieve bandwidth tunability. The drawback presented in such
structure is the limitation in bandwidth tunability. Another approach is based on
a single MMR tuned by micro-electronic-mechanical-system (MEMS)[40][03]. This
method also appears to be power thirsty as to realize MEMS tunability, an actuation
voltage of 40v is required. In other demonstration, an optical bandwidth tunable filter
is proposed based on liquid crystal technology[98], Which by controlling the voltage
of liquid crystal chip array, the phase of incident light is modulated and changes the
polarization state of incident light and in the output after passing through the polar-
izer, each wavelength is treated differently leading to bandwidth variation. Another
relatively common approach is to embed MRRs in an unbalanced Mach-Zehnder Inter-
ferometer (MZI) which enables large bandwidth tunability[14][77][3]. For exploiting
bandwidth tunability, thermal actuators are triggered to modify the phase and cou-
pling coefficient of MRRs. In this chapter we study the same structure as stated
before [5§].

In the current structure, three active actuators are executed. With aid of these
actuators and implementing TED, we fine-tune the bandwidth and central wavelength
of the filter.

The filter structure is shown in Figure The unbalanced MZI consists of
3dB couplers in input and output. Two MRRs are in all-pass configuration with
circumference equal to L, . The length of unloaded arm of MZI is set to have optical
length difference equal to L, to match the Free Spectral Range (FSR) of MRRs and
MZI. Power coupling coefficient between MRRs and MZI arm is equal to K.
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Figure 4.1: Schematic of tunable bandwidth filter.

As mentioned earlier, bandwidth and wavelength tunability is realized by active
control of heaters mounted on MRRs and MZI arms, respectively. Heaters (phase
shifters) are shown by gray boxes in Figure [1.1] Altering voltage of heaters in MRRs
induced phase difference of A¢p= ¢,5 - ¢,1 , which control the 3dB bandwidth, while
the condition ¢,,, = mm + (¢r2 + ¢1) /2, (m is an integer) maintains the filter
transfer function always symmetric with respect to filter central wavelength. Adding
any phase to phase shifters changes the filter characteristic function, and varying ¢,,.,

swap the through and drop ports transfer functions.

Figure depicts simulation results changing K, from 0.65 to 1 and A¢ from
Oto2m and measuring the corresponding values of 3 dB bandwidth, off-band rejection
and shape factor. The off-band rejection and the shape factor are shown as a function
of K, and of the 3 dB bandwidth normalized to the filter FSR. Level curves are also
drawn to help reading the different values of the color-map. The two maps show that
the range of bandwidth tunability caused by variation of A¢ from 0to2m reduces as the
coupling coefficient increases. The limit case is represented by K, = 1 where the two
MRRs act as pure delay lines and the filter transfer function is that of an unbalanced
MZI independently of A¢ Focusing attention on the off-band rejection, Figure (a)
illustrates that an overall increase of this figure of merit can be obtained increasing
K, . A trade-off is therefore needed to obtain both wide bandwidth tunability and a
fair off-band rejection for all of the filter configurations. In the trade-off, filter shape
also has to be taken into consideration. Increasing the MRR coupling coefficients
flatten the shape of the filter thus reducing the shape factor Figure [4.2(b). An upper
limit for K, can be given by this parameter depending on the required performance.

These maps allow the designer to choose the value of K, corresponding to desired
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Figure 4.2: Map of the (a) filter off-band rejection and (b) shape factor (color bar
and contour lines) for the 3 dB bandwidths obtained for 0 < A¢ < 27 (y axes) as a
function of K, (x axes).

performance providing at the same time a general view of the mutual effect of the

parameters.

4.2 Numerical simulation

In this section we perform numerical simulation regarding the structure introduced,
to verify the filter tunability for different input signal spectrum. Similar to previous

study, the software used for modeling is a MATLAB script.
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4.2.1 Tuning Mach-Zehnder loaded by two MRRs

In this part, we investigate the ability of TED algorithm to fine-tune the introduced
structure, and checks it’s performance in adapting filter’s bandwidth to the channel

spectrum.

Before initiating the numerical simulator, we need to extract the phase coupling
matrix and further the eigenvectors of the structure to exploit TED technique. To
further simplify the algorithm, we assume same coupling coefficient between heaters
mounted on top of chip referred as p.

Matrix below describes the phase coupling between heaters with reference to Fig-

ure (4.1}

L opop
T=| p 1 p (4.1)
pop 1
followed by:
-1 -1 1
P = 1 0 1 (4.2)
0 1 1

adapting eigenvector matrix of the structure, in tuning process promise an uncou-
pled compensations. So taking steps in these direction would not perturb neighboring

heaters.

to survey this ability, some random initial phases are introduced to the heaters
and the TED algorithm is executed to compensate for the perturbations. Figure 4.3
shows 10 random initial transfer functions for the filter. The input signal is OOK-
modulated and hold 6GHz of bandwidth. regardless of initial perturbed filter shapes,
we expect all the heaters to converge to almost the same voltages, thus displaying
identical final transfer functions. Figure depicts the final shape of 10 random fil-
ters, and as predicted all of them have been converged to the same transfer functions.
The final spectrum of filter maintains about 14GHz of bandwidth.

Another set of simulation is performed to investigate the capability of filter to
adapt to input signal spectrum. As mentioned in the introduction part, flexibility is

a key property required in the future telecomm and datacomm networks. The data
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Figure 4.3: 10 initial points for filter transfer functions
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Figure 4.4: Fine-Tuned transfer functions for input spectrum with 6GHz bandwidth

flow of a system is not necessarily constant, and a desired property of optical filters

is ability of adaptation to input signal bit rate and bandwidth, so to maintain the
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SNR of filter as high as possible.

For the first trial, an OOK-modulated signal with bandwidth of 10GHz is chosen.
The procedures is as before, so 10 random initial points are introduced to heaters
and then the TED is utilized to compensate for the errors. Figure demonstrates
fine-tuned transfer functions.
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Figure 4.5: Fine-Tuned transfer functions for input spectrum with 10GHz bandwidth

As expected, by increasing the input signal bandwidth, the filter adapts itself to a
higher bandwidth. In the recent case, filter has adapted itself to bandwidth of 16GHz.

The last set of simulation result is performed for a new modulation scheme to
validate TED performance in different configuration. Input optical carrier is QPSK-
modulated with a 22GHz of spectrum. Figure demonstrate the initial perturbed
and fine-tuned filters. The final filters are all converged to about 17GHz.

It is necessary to mention that the gap between obtained result and input spec-
trum bandwidth is due to filter tuning range limitation which is maximally 17GHz,
therefore TED proves its substantial functionality by pushing heaters to modify filter

towards its maximum bandwidth.
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So far, the effectiveness of TED-algorithm on the presented structure by means of
simulation has been proved. The next step requires to validate the obtained results in

a experimental test to fully prove the ability of TED in adapting the filter spectrum.

Insertion loss [dB]

-20 -10 0 10 20
Frequency [GHZz]

Figure 4.6: Fine-Tuned transfer functions for QPSK-modulated signal with 22GHz
bandwidth
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4.3 Experimental results

In this section, experimental analysis are performed to practically validate the simu-
lation results and confirm the functionality of TED in this very structure to be exploit
as a tunable bandwidth filter.

The experimental setup is the same as illustrated in 3rd chapter. The waveguides
are in SiON technology. On top of each element, a Chromium heater is mounted and

they are connected to the pads through tracks made of Gold.

A top view of the filter is shown in Figure White lines are the gold metal
tracks connecting the heaters to the pad. The approximate length of Mach-Zehnder
arm is 6mm as indicated in the figure. No further modification has been introduced

to test bench and it is identical to previous illustration.

Figure 4.7: Top view of the chip

4.3.1 Compensating initial perturbations

Identical to previous experimental tests, 10 set of random perturbations are injected
to circuit as input voltage for the heaters. These initial values fluctuating between -5
to 10 volts in which corresponds 0 to 15 volts.

The close loop reference point used to tune the bandwidth, as explained in the sim-
ulation part, is based on obtaining minimum output power in the cross port of the
filter.

The input optical carrier is OOK-modulated signal with 6GHz bandwidth. Initial
shapes of 10 filters’ transfer function is depicted in the Figures [4.8 and [4.9]
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Figure 4.9: Initial perturbations in cross port

After performing the tuning algorithm using TED method, all 10 trials have con-

verged to the same curves for the transfer function. The fine-tuned transfer function
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of filter in both bar and cross ports is demonstrated in Figures and [4.11] respec-
tively.
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Figure 4.10: Fine-tuned transfer function of cross port in case of 6GHz input spectrum
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Figure 4.11: Fine-tuned transfer function of bar port in case of 6GHz input spectrum
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The final filter (bar port) is converged to 14.4GHz, so the objective is met and
the 6GHz modulated signal can perfectly passes through the filter.

4.3.2 Adaptation to the channel spectrum

For the future dynamic networks, one critical property of filters is the potential of
adapting to bandwidth of input spectrum. One significant property of proposed filter
is the ability to adopt its bandwidth to input channel spectrum. By means of TED
method, filter is capable of spontaneously modify its bandwidth to that of input spec-

trum.

In our experiments, the sampled signal which enters the feedback loop is the out-
put of the cross port multiplied by the input signal. The mathematical model based
on TED is then applied to the chip via Zurich instrument to minimize the feedback
signal. Evidently, the minimal condition happens when the bandwidth of bar port

matches (or exceeds) bandwidth of input signal.

We examine the dynamic behavior of filter for two different input signal spectrum
comprised of 10GHz OOK-modulated scheme and 22GHz QPSK-modulated signal.
As predicted, in each condition, the transfer function of filter modifies itself to match
with the input signal bandwidth.

The procedure of performing the test is as before. Figure and Figure il-
lustrate final transfer functions of bar and cross ports of filter in case of signal with
10GHz spectrum. the final filter is converged to about 14GHz.
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Figure 4.12: Fine-tuned transfer function of bar port in case of 10GHz input spectrum
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Figure 4.13: Fine-tuned transfer function of cross port in case of 10GHz input spec-
trum
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For the second case with input spectrum of 22GHz, further clarification is entailed.
As indicated before, the filter has the capability of enlarging its bandwidth to max-
imum value of 17GHz, hence as we survey the case we expect to obtain the largest
feasible bandwidth of the filter. Figure [4.14] and Figure [4.15] respectively demon-
strate bar and cross ports of fine-tuned filter. Obtained bandwidth is about 17 GHz
as predicted.

The results show that the automatic resonance alignment system behaves in agree-

ment with the simulations.

Abrupt variation in input spectrum is a quite extreme case of perturbation. On-
line adaption of TED mechanism on the photonic integrated chip, prevent adverse
degradation of the system in case of sudden modulation or bandwidth change since

TED compensates for such issues by following input spectrum change.
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Figure 4.14: Fine-tuned transfer function of Bar port with 22GHz input signal spec-
trum
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Figure 4.15: Fine-tuned transfer function of cross port with 22GHz input signal
spectrum
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Conclusion and Discussion

In this thesis, we theoretically introduced and experimentally demonstrated a
technique capable of canceling the phase coupling induced by thermal cross-talk in
photonic integrated circuits. Instead of individual control of actuators, in TED tech-
nique all the actuators are controlled simultaneously according to appropriate weights,
which are based on eigen solution of the thermally coupled system. Mathematically,
this implies a deterministic coordinate transformation which can be adapted to any
kind of tuning and locking algorithm, for instance on look-up tables, gradient-based
and dithering-based techniques, as well as multi degree of freedom (DOF') stabilization
methods. The use of the TED technique is not limited to specific circuit topologies
but can be extended to generic PIC architectures. Through numerical simulations we
proved its effectiveness in two different structures. A Mach-Zehnder interferometer
loaded with two microring resonators which functions as a tunable bandwidth fil-
ter, and a mesh of 4 microring resonators exploited as wavelength switching scheme.
While in individual control of phase actuators the thermal cross-talk can inhibits
convergence, adopting the TED method, convergence is always achieved in our sim-
ulations and experiments. Furthermore, the TED-based tuning technique allows to
reduce average number of required iterations while this number is also less sensitive
to the initial perturbed state of the PIC. Experimental results performed on MRR-
based filters confirm the faster and more robust convergence of the TED-based tuning
algorithms, with respect to conventional approaches, to counteract temperature drifts
or to track random fluctuations of the wavelength of the input signal. The material
platform in which we test the TED tuning based algorithm was high-index-contrast
silicon oxynitride (SiON) platform. Moreover TED has the capability of adaptation
to different photonic integrated chips and platforms.

In this thesis following functionalities are validated using TED-based tuning method,

briefly pointed out as:

e Fine-tuning the transfer function of the structures in both chips, and compar-
ing individual and TED-based tuning and verifying superiority of TED-based
method over conventional individual-based tuning schemes in term of speed and

accuracy.

e Routing input signal spectrum into two different output ports using labeling
method in mesh of 4 MRRs by adapting TED-technique.
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e Performing tunning and locking experiment while disconnecting thermoelectric
cooler device from the system which maintains the overall temperature of the

structure constant.

e Demonstrating capability of adapting reconfigurable filter bandwidth and cen-
tral wavelength in MZI loaded by MRRs, to input signal spectrum using TED

technique.

Future work

It should be noted that, although TED method here is introduced to cope with the
certain problem of thermal cross-talk, its validity can be extended to the other cross-
talk effects, such as mechanical stress coupling in Piezo actuators and RF coupling in
high transmission lines driving for instance high speed integrated optical modulators.

Moreover, an accurate and fast tuning and locking scheme of PICs could be carried
on by extracting the exact phase coupling matrix of any arbitrary structure.

There is an Electrical-based measurement method capable of measuring phase
coupling matrix. Since conventional PICs benefits from heaters to tune the resonance
wavelength of each elements. These heaters are mostly simple resistance fabricated in
different platforms i.e. Chromium. The thermal variation (=induced thermal cross-

talk) caused by neighboring heaters can be measured in terms of resistance variation.
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