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Basin-hopping optimization. A 60 dB elliptical filter is the tar-
geted filter response, and the optimization starts from a random
position. The final optimized result overlaps very well with the
targeted filterresponse. . . . . ... ... L. 5-16

The upper figure is the mask layout of the fabricated chip. The
basic design is a MZI loaded with two sets of double rings, where
the input and output coupler for the MZI are a double-stage bal-
anced MZI [17]. This design also incorporates a placeholder for
later semiconductor optical amplifier(SOA) post-processing using
transfer printing [28]. Without SOA, the placeholder introduces
additional insertion losses., Monitor photodiodes are connected to
the inside of the ring resonators and in the arms of the MZIs. The
lower image is a microscopic image of the chip, the chip is wire-
bonded to a PCB board for electronic control. . . . . . ... ... 5-18
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The measurement setup is composed of a tunable laser as input
light source, a power meter to measure the spectrum response for
the drop and through port and a 64 channel current source to con-
trol the heaters. All these measurement instruments are controlled
by the computer, and the optimization algorithm takes the real-

time measured power values as input and controls the current source.5-19

Experimental transmission spectra of the double ring-loaded MZI
filter. Each plot shows the target design (with the a; and b; coeffi-
cients listed below the plot). The experimental results are obtained
by optimizing the spectral response from the chip outputs by driv-
ing the on-chip actuators in real time. From the measurement we
can see, the experimental results matches the simulation quite well,
and the overall extinction ratio exceeds 20 dB for all designs. . . .

Effect of dispersion effect for different filter configurations. (a)is a
re-plot of Fig. 5.16(b), the wavelength range is from 1550.6 nm to
1552.0 nm. (b) is the same filter measured in a larger wavelength
range of 1549 nm to 1554 nm. (c) and (d) are two examples with
more than 10 channels in 10 nm wavelength range. The dispersion
effect has a strong impact on the extinction ratio between different
channels. . . . .. . ...

Monte-Carlo simulation for two filter configurations in Fig. 5.6,
(a) and (c) are for the classical ring-loaded MZI design, (b) and (d)
are for the coupled ring-loaded MZI design. For (a) and (b), 5%
parameter variation is applied to all the parameters except for the
phases in the rings. For (c) and (d), all the parameters including
the ring phase shifters) have a 5% variation in the Monte-Carlo
simulation. . . . .. ... L

(a) shows the working principle of a interleaver design, it could
used to separate the odd and even channels or it could used to add
or drop signals in the bar and cross port. (b) is the a typical half
band interleaver, the extinction ratio for the both bar and cross
ports is 40 dB, which is also the crosstalk level for the interleaver.

(a) is the schematic drawing of our interleaver, the fiber array en-
ables the measurement of the add port and drop port sequentially
by a switch, the optimization algorithm could also be applied to
measurement of both ports at the same time in order to make sure
the crosstalk is low for both ports.(b) is the GDS layout for such

A spectrum response with 20 nm wavelength range for the optical
interleaver. The extinction ratio exceeds 15 dB in both add and
drop ports. . . . . ...
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The left figure is the 7 cell hexagonal mesh circuit, the right figure
is the 2D coupled ring filter. The left 7 cell hexagonal mesh circuit
could be configured to the 2D coupled ring filter as shown in left
figure . . . ...

Schematic drawing of the classical ring loaded MZI is shown in
(a); the schematic drawing of coupled ring loaded MZI is shown
in (b). The main difference between our design given in (b) and
the classical double ring loaded MZI given in (a) is that the two
rings are connected with a tunable coupler. It is obvious that the
design in (b) could be configured to an MZI with delay length of
twice the ring circumference, which is not possible with the design
in (a). The phase shifters are shown as a pink box, and the tunable
coupler is shown as a normal DC with a pink dot in the middle,
the single add drop ring is constructed by connecting the input and
output port of the tunable coupler on the same side. The input
and output tunable coupler of the design in (b) is realized by a
broadband balanced MZI [1] on the actual chip. . . . . . ... ..

Pole and zero distribution in the z-plane for a Latin Hypercube
sampling of the tuning coefficients of both types of filters. The
zeros of Fig. A.1(b) configuration I (¢; = 0) are plotted in (a),
the poles of Fig. A.1(b) configuration I are plotted in (e).The zeros
of Fig. A.1(b) configuration II (¢; = ) are plotted in (b), the
poles of Fig. A.1(b) configuration II are plotted in (e).The zeros of
Fig. A.1(a) are plotted in (c), the poles of Fig. A.1(a) are plotted in

The first example filter has been synthesized using both the clas-
sical and the coupled ring-loaded MZI. (a) and (c) are the pole-
zero diagram of the synthesized filter, (b) and (d) are the spec-
trum responses of the synthesized filter compared to the targeted
curve. (a) and (b) correspond to the coupled ring-loaded MZI
of Fig. A.1(b), and (c) and (d) corresponds to the classical ring-
loaded MZI of Fig. A.1(a). . . . . . ... ... ... ... ...

The second example filter has been synthesized by both the clas-
sical and the coupled ring-loaded MZI. (a) and (c) represent the
pole-zero diagrams of the synthesized filters, while (b) and (d)
show their spectrum responses compared with the targeted curve.
(a) and (b) corresponds to structure of the coupled ring-loaded
MZI of Fig. A.1(b), and (c) and (d) corresponds to the classical
ring-loaded MZI of Fig. A.1(a).. . . . . .. ... ... ... ...
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A.5 The third example filter has been synthesized for both filter cir-
cuits. (a) and (c) are the pole-zero diagrams of the synthesized
filters, while (b) and (d) show their spectrum responses as well as
the targeted response. (a) and (b) correspond to the coupled ring-
loaded MZI of Fig. A.1(b), while (c) and (d) correspond to the
classical ring-loaded MZI of Fig. A.1(a). . . . . . . .. ... ...
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Nederlandse samenvatting
—Summary in Dutch—

Geintegreerde fotonicatechnologie maakt het mogelijk om grote en complexe foto-
nische systemen op een chip te implementeren. Vandaag de dag worden deze chips
steeds ontworpen voor één specifieke functie. Fotonische mesh-circuits bestaande
uit een netwerk van golfgeleiders, afstembare koppelaars en optische faseverschui-
vers [1] maken het echter mogelijk om universeel programmeerbare fotonische
chips te maken die geprogrammeerd kunnen worden om verscheidene functies uit
te voeren. Met zulke technologie is er de mogelijkheid om prototypes te testen en
7o kan het ontwikkelproces voor nieuwe producten en toepassingen versneld wor-
den. Dergelijke programmeerbare chips voor universeel gebruik moeten echter
nog op de volgende vlakken verder ontwikkeld worden:

* de basisbouwstenen - afstembare koppelaars en optische faseverschuivers
* besturings- en optimalisatie-algoritmen

* chipverpakkingstechnieken

* toepassingsmogelijkheden

In dit proefschrift werken we naar deze technologie toe, en in het bijzonder
onderzoeken we de mogelijkheden om programmeerbare golflengtefilters te im-
plementeren.

Hierbij kijken we naar enkele fundamentele bouwstenen voor dergelijke cir-
cuits: koppelaars waarbij de signalen van twee golfgeleiders worden geschakeld.
We introduceren een ontwerp voor een breedbandige koppelaar, alsook een tole-
rant breedbandig-afstembaar koppelcircuit.

De directionele koppelaar is een essentiéle bouwsteen van veel fotonische cir-
cuits. De koppelaar wordt gebruikt voor het splitsen en combineren van licht. Een
compacte, golflengte-onathankelijke directionele koppelaar is zeer gewenst, vooral
voor telecomtoepassingen zoals golflengtemultiplexering [2] en het doorschakelen
van signalen [3].

Een belangrijke functie van de universeel programmeerbare chips is het filte-
ren van licht op basis van golflengte. Golflengte filters op optische chips worden
veelal gedefinieerd door licht langs verschillende paden te sturen en dan opnieuw
te combineren. Athankelijk van het padlengteverschil en de golflengte van het licht



XX1V NEDERLANDSE SAMENVATTING

krijgt men een hoge of lage transmissie.Dit soort functies kan men ook implemen-
teren in een universeel programmeerbaar mesh van golfgeleiders, maar de discrete
bouwstenen van dergelijke circuits zorgt er voor dat de filters hoge verliezen en
een kleine vrij spectraal bereik hebben (Eng: free spectral range of (FSR)).

Daarom stellen we hier een gespecialiseerd programmeerbaar filtercircuit voor,
bestaande uit een gekoppelde ringresonator in een Mach-Zehnder interferometer
(MZI). We hebben niet alleen het circuit ontworpen, maar ook de synthese- en op-
timalisatiealgoritmes om het circuit te configureren. Een dergelijk programmeer-
baar filter zou gebruikt kunnen worden in fotonische systemen zoals een optische
interleaver of een pompdempingsfilters.

1 Passieve component - breedbandige koppelaar

Een breedbandige koppelaar kan op vele manieren worden gerealiseerd. Voor de
2 x 2 asymmetrische directionele golfgeleiderkoppelaar [4] is aangetoond dat de
component breedbandig is (werkt over een breed golflengtebereik), alsook com-
pact van formaat en eenvoudig van structuur. Bovendien is de component eenvou-
dig te fabriceren.

Layout of Broadband Directional Coupler
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Figuur 1: Schematische tekening van een breedbandige directionele koppelaar bestaande
uit een Mach-Zehnder interferometer (MZI)

De layout van het ontwerp wordt gegeven in Fig. ??, en is gelijkend op een
Mach-Zehnder interferometer(MZI). We zien dat de component is samengesteld
uit 4 onderdelen: een symmetrische koppeling, een s-bocht, een taper en een fase-
compensatiegedeelte. Deze lay-out is gekozen als veberting op de lay-out gegeven
in [4] omdat we hebben geconstateerd dat de parasitaire koppeling in het fasecom-
pensatiegedeelte en het tapergedeelte niet kon worden genegeerd.

We vergroten niet enkel de afstand tussen de golfgeleiders in de fasecompen-
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satiesectie, maar we hebben ook een meer rigoureuze simulatiemethode gebruikt
in vergelijking met transfermatrixmethode (TMM) in [4] - Eigenmode expansion
(EME) voor de optimalisatie van de component. Deze methode is tijdrovend in
vergelijking met TMM, maar is nog steeds acceptabel omdat het variéren van de
lengte snel is vanwege de interne werking van het EME algoritme.

We bouwen het breedbandkoppelingsmodel met EME in de simulatiesoftware
FIMMPROP. Het initi€¢le ontwerp is symmetrisch, waarbij de lengte van de ingang-
en uitgangskoppelaar hetzelfde zijn. Vervolgens worden twee parameters ingesteld
als variabelen in de volgende optimalisatiestap, namelijk de lengte van de ingangs-
en uitgangskoppelaar en de lengte van de fasecompensatiesectie. In dit proefschrift
wordt het Kriging-optimalisatie-algoritme [5] uit de 00DACE [6] toolbox gebruikt.
Deze routines zijn ontwikkeld door de Universiteit Gent, en wij gebruiken ze om
de bandbreedte van het breedbandkoppelingsmodel te optimaliseren voor verschil-
lende doelwaarden van de vermogenkoppeling.

Door gebruik te maken van de optimalisatiemethode Kriging worden enkele
geoptimaliseerde ontwerpen geselecteerd en getoond in Fig. ??. De gedetailleerde
ontwerpinformatie voor geoptimaliseerde ontwerpen wordt gegeven in Tabel 3.1:

Doel simulatie uitkomst fout ontwerpparameters
k=103 k =0.302 0 =0.04 Ly = 12.5787Tum
Lo = 8.470um
k=105 k = 0.508 0 =0.0363 Ly = 9.905um
Ly = 8.646um
k=0.7 k=0.724 0 =0.0162 Ly = 7.234um
Lo = 8.793um
k=09 k=09 0 =10.0173 L1 = 3.079um
Loy = 8.958um

Tabel 1: ontwerpparameters van de geoptimaliseerde koppelaars in Fig. 9

We merken dat de dispersie groter is in de breedbandige ontwerpen met klei-
nere koppelwaarden. Zoals we kunnen zien in Tabel 3.1, verandert de lengte van
de ingangs- en uitgangskoppelaar nogal voor verschillende ontwerpen, maar de
lengte van de fasecompensatiesectie blijft min of meer constant.

Het ontwerp kan verder worden geoptimaliseerd door het aantal optimalisatie-
parameters te vergroten.

2 Tolerant, breedbandig afstembaar 2 x 2 koppelcir-
cuit
Waar we in een eerste stap een koppelaar hebben geoptimaliseerd met een statische

koppelsterkte, hebben we voor een programmeerbaar circuit een basisbouwsteen
nodig waarbij de koppeling afstembaar wordt, zoals getoond in Fig. 10. Om te
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Figuur 2: Spectrale respons van enkele geoptimialseerde ontwerpen

beschikken over voldoende configuratiemogelijkheden hebben we in zo een com-
ponent ten minste twee instelbare parameters p; en p, nodig om zowel de ver-
mogenssplitsing « als de faseverschuiving A¢ onafhankelijk van elkaar te kunnen
afregelen. Dit noemen we een 2 X 2 optische poort. Een gebruikelijke manier
om een dergelijke afstembare 2 x 2 koppelaar te implementeren is een gebalan-
ceerde Mach-Zehnder interferometer (MZI) met een elektrisch-aangestuurde fase-
verschuiver in elke arm.

De MZI is opgebouwd uit twee statische 50:50 koppelaars (bv. de directi-
onele koppelaars besproken in de vorige sectie), verbonden met twee golfgelei-
ders met geintegreerde faseverschuivers. Voor die laatste worden veelal eletrische
weerstanden gebruikt die de golfgeleiders lokaal opwarmen. De koppelingsres-
pons van de MZI kan van minimum naar maximum worden verschoven door de
fasevertraging af te stemmen tussen 0 en 7. Om het volledige koppelingsbereik
van 0-100% te verkrijgen, moeten de twee statische koppelaars echter een per-
fecte 50:50-splitsingsbalans hebben, wat niet eenvoudig te ontwerpen is over een
breed golflengtebereik [8]. Alhoewel onze eerder beschreven component dicht in
de buurt komt, is die nog steeds gevoelig aan variatie bij fabricage.

Als oplossing breiden we de traditionele MZI uit met een tweede trap, waarbij
we opnieuw een koppel golfgeleiders met een fasevertrager inbouwen. In dit werk
stellen we het ontwerp van deze tweetraps-MZI als volgt voor: Fig. 11.

We demonstreren dat het circuit tolerant is voor fabricage-variatie en golflengte-
onafthankelijk is door de volgende simulatie. We nemen aan dat het circuit bestaat
uit imperfecte DC’s met een koppelingsverhouding van 40:60 bij 1550 nm. In
Fig. 12 tonen we de vermogenskoppeling 7 bij 1550 nm (witte contouren), en be-
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Figuur 3: Een 2 x 2 optische poort mengt de golven van twee ingangsgolfgeleiders,
waardoor zowel de vermogenskoppeling als de fasevertraging wordt gecontroleerd [7].
Een gebruikelijke manier om een afstembare 2 X 2 koppelaar te implementeren is een

gebalanceerde Mach-Zehnder interferometer (MZI) met faseverschuiver in elke arm.

dekken we deze met de maximale afwijking An binnen het golflengtebereik van
1525-1575 nm. Voor elke gewenste koppelingswaarde kunnen we de twee fase-
verschuivers zo afstemmen dat we deze koppelingswaarde binnen 3% krijgen over
het gehele golflengtebereik voor een bijna uniforme respons. We kunnen binnen

ermal heater

Figuur 4: (a) Microscoopfoto van de gefabriceerde chip. (b) Tweetraps MZI 2 x 2
afstembare koppelaar.
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de gele contour een gebied (donkerblauwe) vinden waar de kruistransmissie vrij-
wel constant wordt, wat wijst op een vlakke spectrale respons en een breedban-
dige werking. De witte cirkels geven de verdeling van de koppelingsverhouding
aan volgens de fasecombinatie van faseverschuiver 1 en faseverschuiver 2 bij een
golflengte van 1550 nm. De gele contour overlapt met de verschillende witte
cirkels van koppelingsverhouding van 0% tot 100%. Dit betekent dat we de fase-
verschuivers kunnen afstemmen om breedbandige werking te bekomen voor elke
willekeurige koppelingsverhouding.

We hebben we dus een afstembaar koppelingscircuit ontworpen en gedemon-
streerd met een koppelingsbereik van 0-100%, zelfs onder invloed van fabricage-
variaties, zowel in simulatie als in experimenten. We laten ook zien dat we het
circuit kunnen sturen om een vlakke spectrale respons te verkrijgen over een golf-
lengtebereik van 50-nm.

¢ [rad]

Figuur 5: Gesimuleerd resultaat van de kruistransmissie 1 bij een golflengte van 1550 nm
en de maximale afwijking van de kruiskoppeling An in het golflengetbereik van 1525 tot
1575 nm voor de tweetraps afstembare koppelaar met imperfecte directionele koppelaars

met 40:60 koppelingsverhouding. De donkere lijnen in de grafiek geven het gebied aan met
een afwijking van 3 % van de gewenste koppeling binnen een golflengtebereik van 50 nm
rond 1550 nm. Aangezien dit gebied alle koppelingswaarden van 0-100% bevat, kunnen
we de schakeling afstemmen op een 50 nm breedbandkoppelingsregime met een tolerantie

van 3%.
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3 MZI-filter met dubbele ring

Filters zoals gekoppelde resonator optische golfgeleiders (CROW) [9], microgolf-
notchfilters [10] of ring-geladen MZI’s [11] kunnen worden gecreéerd in de univer-
sele mesh-circuits. Een enkele ringresonator wordt normaal gesproken definieerd
door een meshcel die gevormd door zes afstembare koppelaars, terwijl de meeste
in die configuratie niet als koppelaar gebruikt worden. Daardoor is de omtrek
van de ring langer dan nodig en worden er ook overdreven veel optische verliezen
opgestapeld. De performantie van een ring in een golfgeleider-mesh is daardoor
meestal inferieur aan die van een speciaal ontworpen ring resonator, wat het ge-
bruik ervan voor microgolftoepassingen en als optische filters zou beperken. In dit
werk stellen we een programmeerbaar filtercircuit voor dat gelijkaardige configu-
reerbaarheid biedt zoals een universeel mesh, maar met minder koppelaars en dus
betere performantie.

Wanneer golflengtefilters worden geimplementeerd als een golfgeleidercircuit,
bestaan ze uit een samenstelling van koppelaars, vertragingslijnen, faseverschui-
vers en ringresonatoren. Deze componenten worden gebruikt om licht te mani-
puleren om constructieve of destructieve interferentie te bekomen bij bepaalde
golflengten, zo wordt bvb. een filterdoorlaatband wordt gegenereerd. We kun-
nen twee basisklassen van filters identificeren, eindige impulsrespons (Eng: finite
impulse response of FIR) filter en oneindige impulsrespons (Eng: infinite impulse
response of IIR) filter. Een FIR-filter bestaat uit voorwaartse vertragingen zoals
Mach-Zehnder interferometers of gebundelde golfgeleider-roosters, en deze wor-
den ook wel moving average (MA) filters genoemd. Het IIR-filter is samengesteld
uit feedbackloops zoals ringresonatoren, en wordt ook wel een autoregressie (AR)
filter genoemd.

We presenteren hierbij een filtercircuit dat zowel MZI- als dubbele ringresona-
toren bevat, met kenmerken van zowel IIR-filter als FIR-filter. Dergelijke filters,
die beide kenmerken combineren, worden daarom autoregressie/moving-average
(ARMA) filters genoemd. Een typisch voorbeeld van zo’'n ARMA-filter is een
ringgeladen MZI, d.w.z. een MZI met een ringresonator in één of beide armen.

Het filtercircuit dat we hier voorstellen, breidt de traditionele ringgeladen MZI
uit door een dubbele (gekoppelde) ringresonator te gebruiken die de twee armen
van de MZI verbindt. De schematische tekening van de filter wordt getoond in
Fig. 16. Dit circuit heeft dezelfde functionaliteit als een ringgeladen MZI met een
enkele ring in elke arm, maar de extra koppeling vereenvoudigt de configuratie.

De filter van de tweede orde kan ook in cascade worden geschakeld om filters
van een hogere orde te realiseren. Het circuit bevat de tweetraps koppelaar (bespro-
ken in de vorige sectie) aan de ingang en uitgang om zo het effect van dispersie
verder te reduceren. Een combinatie van lokale en globale optimalisatiestrategieén
om de filter te programmeren, met behulp van op maat gemaakte objectieffuncties,
is getest in zowel simulatie als experiment. Het uiteindelijke optimalisatieresultaat
wordt getoond in Fig. 17 voor drie filterspecificaties. Voor zover wij weten, is dit
de eerste keer dat een globale optimalisatiestrategie rechtstreeks wordt gebruikt in
ARMA -filtersynthese en -simulatie zonder enige aanvullende vereiste. We breiden
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Figuur 6: Schematische tekening van de MZI met een enkele ring wordt getoond in (a),
schematische tekening van een MZI met dubbele ring wordt getoond in (b), schematische
tekening van gekoppelde ring MZI wordt getoond in (c). Het belangrijkste verschil tussen

ons ontwerp gegeven in (c) en de ringgeladen MZI gegeven in (b) is dat de twee ringen zijn

verbonden met een afstembare koppelaar, het is duidelijk dat het ontwerp in (c) kan

worden geconfigureerd tot een MZI met vertragingslengte van tweemaal de ringomtrek,

wat niet mogelijk is met het ontwerp in (b). De faseverschuiver wordt weergegeven als een
roze vierkant, de afstembare koppelaar wordt weergegeven als een normale directionele
koppelaar met een roze stip in het midden, de enkele add-drop-ring wordt geconstrueerd
door de ingangs- en uitgangspoort van de afstembare koppelaar aan dezelfde kant aan te

sluiten .

de optimalisatiestrategie verder uit in experimenten en demonstreren het gebruik
ervan in een praktische casus voor programmeerbare filtercircuits.

4 Samenvatting

In dit proefschrift hebben we enkele problemen behandeld die te maken hebben
met universele programmeerbare fotonische chips. Eerst hebben we een breedban-
dige optische koppelaar ontworpen. Een dergelijke koppelaar helpt de bandbreedte
van het programmeerbare circuit te verbeteren. Vervolgens hebben we een tolerant
breedbandig en afstembaar koppelcircuit voorgesteld, dat de belangrijkste bouw-
steen is voor de programmeerbare circuits. We hebben we een filterontwerp uitge-
werkt op basis van een MZI met een gekoppelde dubbele ring waarvoor de afstand
tussen resonanties (Free Spectral Range) groot genoeg is terwijl de verliezen niet
te hoog worden. Deze filter zou kunnen gebruikt worden als een pump-rejectrion
filter of een optische interleaver.
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English summary

Integrated photonics technology makes it possible to build large and complex pho-
tonic systems-on-chip. These circuits which process optical signals in waveguides
on the surface of a chip, are usually designed for a specific function. However,
mesh circuits consisting of interconnected waveguides, tunable beam couplers and
optical phase shifters [1] enable universal programmable chips [2] which can be
reconfigured for multiple functions. Such generic chips can be programmed to
test prototypes and thus help speed up the development process for new products
powered by photonics. The developments of these general purpose programmable
chips lay in following categories: the basic building blocks - tunable couplers and
optical phase shifters, control and optimization algorithms, packaging and appli-
cations.

1. Tunable couplers. Tunable coupler is often a tunable optical 2 x2 coupler,
that can change its coupling ratio from 0% to 100%.

2. Optical phase shifters. Optical phase shifter is used to control the phase of
light by a change in the effective refractive index.

3. Control and optimization algorithms. Since thermal cross-talk, electrical
cross-talk, dispersion induced by couplers , fabrication variation of optical
components will degrade our filter performance, thus the optimisation algo-
rithm is needed in real time measurements.

4. Packaging. The packaging of the chip includes Fibre-to-Grating Coupling,
Electrical Connections, Thermal Management and etc.

5. Applications. Applications for programmable photonic circuits including:
Microwave signals can be transported over fiber and processed in the optical
domain for xDSL and 5G applications. Optical sensor systems can be used
in construction, automotive, security and medical environments, such as for
optical coherence tomography (OCT), or frequency-modulated continuous
wave (FMCW) LiDAR.

The directional coupler is an essential building block of the photonic circuit.
It is used for splitting and combining light. A compact, wavelength independent
directional coupler [3] is highly desired, especially for telecom applications such
as wavelength-division-multiplexing [4] and signal switching [5]. In this thesis,
we proposed a broadband coupler design. To make them programmable, we need
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to be able to change the coupling ratios, however the broadband nature is obtained.
A two-stage Mach—Zehnder interferometer (MZI) has been proposed as a tolerant
broadband tunable coupler circuit [6] in this thesis.

One key function of the universal programmable chips is a programmable filter.
It is possible to program wavelength filters in a universal programmable waveg-
uide mesh, using the tunable couplers to distribute the light over multiple paths
(including resonant rings) and then interfere these to achieve a wavelength depen-
dent response. However, the available path lengths in these waveguide meshes can
be quite long, introducing substantial optical losses and limiting the ’free spectral
range’ (FSR) of the filter. We propose a dedicated programmable filter component.
We also developed the corresponding filter synthesis and optimization algorithm
for this circuit. Such a programmable filter could find its applications in photonic
systems as an optical interleaver or pump rejection filter.

S Passive broadband coupler

In wavelength circuits, there are many points where the light needs to be split, often
with well controlled fractions that are constant over a wide wavelength range. The
most common case is a 50:50 couplers, where the imbalance is the most critical
parameter.

The normal directional coupler is dispersive. Although MMI is also widely
used as broadband splitter and combiner, however it has some extra loss and also
backrefection sometimes. The MMI is based on multi-mode interference, and this
only works well for a few specific values of power coupling.

A broadband coupler could be realized by many approaches. Among these
works [7] [8] [9] [10], the 2 x 2 asymmetric-waveguide-assisted directional coupler
[7] is demonstrated to be broadband (operating over a wide wavelength range),
compact in size, simple in structure, and easy to fabricate.

The layout of such a component is given in Fig. 1.9. The layout is a MZI-
shaped design, it is composed of 4 sub-sections: a symmetrical coupler, 2 s-bends,
a taper section and a phase compensation section. This layout is chosen instead of
using the layout given in paper [7] since we have found that the coupling in the
phase compensation section and the taper section could not be ignored. Thus, we
not only separate the distance in the phase compensation section, but also we have
chosen a more rigorous simulation method compared to transfer matrix method
(TMM) in paper [7] - (eigenmode expansion) EME for the component simulation
since previous study with TMM method did not take the coupling in the taper
section and phase compensation section into account. This method although is
time-consuming compared to TMM, it is still acceptable since the sweeping of the
length is fast due to the nature of EME.

We built the broadband coupler model with EME in FIMMPROP, which is
a commercial optical mode solver replying on the rigorous EME method. The
initial design is set as symmetric in which the length of the input and the length of
output coupler are the same. Then two parameters are set as variables in the next
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Figure 8: Layout of a broadband directional coupler implemented by a MZI

optimization step. In this thesis, the optimization algorithm [11] of the 00DACE
[12] toolbox developed by the SUMO group of IDlab at Ghent University-imec is
used to optimize the broadband performance of such design.
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Figure 9: Spectrum response of a few selected optimized design is plotted. Five
wavelengths 1500, 1525, 1550, 1575 and 1600 nm are used in the optimization process.
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By using the optimization method Kriging, the spectral response of a few op-
timized designs are selected and shown in Fig. 9. The detailed design information
for the optimized designs are given in Table 2:

target coupling value | simulation result | deviation | design parameters
k=0.3 k =0.302 60 =0.04 | Ly =12.578Tum

Lo = 8.470um

k=0.5 k = 0.508 0 =0.0363 | L =9.905um

Lo = 8.646um

k=0.7 k=0.724 0 =0.0162 | Ly =7.234um

Lo = 8.793um

k=0.9 k=09 0 =0.0173 | Ly =3.079um

Lo = 8.958um

Table 2: Design parameters of a few optimized designs in Fig. 9 are given, we optimized 4
coupler designs within 100 nm wavelength range of the central wavelength 1550 nm. The
simulation result is the average coupling value calculated by averaging the couplings of 5
different wavelengths. The deviation describes how dispersive a coupler is, it is calculated
by the maximum difference between the simulated couplings of 5 different wavelengths and
the target coupling value. L is the length of the input and output coupler and Lo is the
length for the phase compensation section.

The dispersion is larger in the broadband designs with small coupling values.
As we can see from Table 3.1, the length of the input and output coupler changes
quite a lot for different designs, however the length of the phase compensation
section kept similar.

The design could be further optimized by increasing the number of optimiza-
tion parameters such as the height of the s-bend and the widths of the phase com-
pensation section.

6 Tolerant, Broadband Tunable 2 x 2 Coupler Cir-
cuit

In a programmable waveguide circuit, the flow is controlled by the couplers be-
tween the waveguides. To make this reconfigurable, tunable couplers are needed
where the coupling strength can be changed during operation, besides, it is de-
sired to have the broadband behaviour. Also, the relative phase shift between the
waveguides needs to be controlled. We propose a tolerant broadband tunable cou-
pler circuit in this section.

The basic building block of a programmable circuit is a tunable coupler shown
in Fig. 10, at least two adjustable parameters p; and ps are needed to indepen-
dently control the power splitting x and the phase shift A¢. A common way of
implementing a tunable 2 x 2 coupler is a balanced Mach-Zehnder interferometer
(MZI) with a phase shifter in each arm.
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Figure 10: A 2x2 optical gate mixes the waves from two input waveguides, controlling
both the power coupling and the phase delay [2]. A common way of implementing a
tunable 2 X 2 coupler is a balanced Mach-Zehnder interferometer (MZI) with phase

shifter in each arm.

The MZI is constructed from two static 50:50 couplers such as the broadband
DCs from the previous section, connected with two delay lines with integrated
phase shifters (e.g. heaters). The coupling response of the MZI can be swept from
minimum to maximum by tuning the phase delay from 0 to 7. However, to obtain
the full 0-100% coupling range, the two static couplers need to have a perfect 50:50
splitting balance, which is not easy to design over a wide wavelength range [13].

In this work, we proposed the design of a two-stage MZI, as shown in Fig. 11.

We demonstrate that the circuit is tolerant to fabrication variation and wavelength-
independent. Let’s assume that the circuit consists of imperfect DCs of 40:60 cou-
pling ratio at 1550 nm, which is a significant deviation from the designed value
of 50:50. In Fig. 12, we plot the simulated power coupling 7 at 1550 nm (white
contours), and overlay it with the maximum deviation An within the wavelength
range of 1525-1575 nm. For any given desired coupling value, we can tune the
two phase shifters such that we obtain an almost uniform spectral response over
the entire wavelength range. The coupling deviation over the entire wavelength
range compared to the targeted coupling value is within 3%.we can find inside
the yellow contour (the dark blue region ) where the cross transmission becomes
almost non-dispersive indicates a flat spectral response and broadband operation.
The white circles indicates the coupling ratio distribution according to the phase
combination of phase shifter 1 and phase shifter 2 at 1550 nm. The yellow contour
overlaps with different white circles of coupling ratio from 0% to 100%. It means
that we could tune the phase shifters to find broadband operation for any arbitrary
coupling ratio.

We had this circuit fabricated on IMEC’s standard ISiPP50G silicon photonics
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platform. In total 3 different designs for the two-stage MZI tunable coupler have
been fabricated, with different nominal design values for the directional couplers.
Device A has a DC designed with 60:40 split ratio at wavelength 1550 nm, device
B with a 65:35 DC, and device C with a 70:30 DC.

The experimental result is compared with simulation. Fig. 14(a-b) show the
simulation results of the coupling at 1550 nm and the variation over a 50-nm range
(both in dB scale). The dark blue region in Fig. 14(b) surrounded by the yellow
lines have <1 dB variation, (For a 3 dB coupler, the 1 dB variation region would
span from -2 dB to -4 dB. For a -20 dB coupling ratio, the 1 dB region spans from -
19 dB to -21 dB.) Fig. 14(c-d) is the corresponding experimental result, and we can
see a good qualitative agreement. The black rectangles in Fig. 14(c-d) correspond
to the phase space plotted in Fig. 14(a-b).

We can now use the obtained 2-D transmission maps as a look-up table (LUT)
for configuring the tunable coupler to search for a desired coupling ratio. This
gives us the transmission curves plotted in Fig. 15. We see that the variation for
larger coupling ratios are significantly larger than that of smaller coupling ratios.

In conclusion, We designed and demonstrated a simplified tunable coupler cir-
cuit with 0-100% coupling range even under conditions of fabrication variations
both in simulation and experiments. We also show that we can bias the circuit to
obtain a flat spectral response over a wavelength range of 50 nm.

FEEFFEEFREE N

ermal heater

TUNABLE TMZ2I

Figure 11: (a) Microscope picture of the fabricated device.(b) Two-Stage MZI 2 x 2
tunable coupler.
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7 Double ring loaded MZI filter

Tunable couplers are an essential part for building programmable wavelength fil-
ters. Wavelength filters on photonic circuits are used to filter out one or more
wavelength bands from a spectrum, for instance to separate telecommunication
channels [4], perform spectroscopic measurements [14], or perform filtering oper-
ations on optically encoded microwave signals [15].

Wavelength filters are made by splitting up light into multiple paths with dif-
ferent delays, and recombining them again to create wavelength-dependent inter-
ference [16]. There are different implementations, such as coupled-resonator op-
tical waveguides (CROW) [17], ring resonator notch filters [18] or ring-loaded
MZIs [19].

When implemented as a waveguide circuit, optical filters are composed of cou-
plers, delay lines, phase shifters, or ring resonators. These components are used to
manipulate light to have constructive or destructive interference at certain wave-
lengths, such that a filter passband is generated.

30([%]

¢ [rad]

Figure 12: Simulated result of cross transmission n at 1550 nm and the maximum
deviation of the cross coupling An from 1525 to 1575 nm for the two-stage tunable
coupler with imperfect DCs of 40:60 coupling ratio. The dark lines in the graph indicate
the region of 3% deviation from the desired coupling within a 50 nm wavelength range of
1550 nm. As this region contains all coupling values from 0-100%, we can tune the circuit
to a 50 nm broadband coupling regime with a tolerance of 3%.
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Figure 13: Fabricated chip on the IMEC ISiPP50G platform. (a) microscopic image of the
fabricated chip and (b) the corresponding GDS layout of the design.

A single ring resonator is normally generated by a mesh cell composing six
tunable couplers, and thus the round-trip length and loss for a single ring in a mesh
is larger compared to a simple custom-designed ring resonator, the higher loss
would result in a larger linewidth of the ring resonance, and the longer roundtrip
length would reduce the free spectral range. This could limit the functionality of
these general-purpose meshes for microwave photonic applications. In this work,
we propose a dedicated programmable filter circuit that offers similar levels of
programmability but with shorter path lengths, lower losses and a smaller number
of tuning elements.

We can identify two basic classes of filters, i.e. finite impulse response (FIR)
filter and infinite impulse response (IIR) filter. An FIR filter is usually composed
by forward delays such as MZIs or arrayed waveguide gratings, and these are also
called moving average (MA) filters. The IIR filter is composed by feedback loops
such as ring resonators, and are also called autoregression (AR) filters [19].

We hereby present a filter circuit which incorporates both MZI and double ring
resonators, which has features from both IIR filter and FIR filter. Such filters,
which combine both characteristics, are therefore called auto-regression/moving
average (ARMA) filters. A typical example of such ARMA filter is a ring-loaded
MZI, i.e. an MZI with a ring resonator in one or both arms. The schematic of
ring-loaded MZI is given in Fig. 16(a) and (b).

The filter circuit we propose here extends the traditional ring loaded MZI by
using a double (coupled) ring resonator that links the two arms of the MZI. The
schematic drawing of the filter is shown in Fig. 16. This circuit has similar func-
tionality as a ring loaded MZI with a single ring in each arm, but the additional
coupling facilitates the configuration.

The second-order filter can also be cascaded to realize higher-order filters. A
single stage of this programmable filter has N degrees of freedom for its configura-
tion. We need to tune the N independent phase shifters to obtain the filter response
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Figure 16: Schematic drawing of the single ring loaded MZI is shown in (a), schematic
drawing of double ring loaded MZI is shown in (b), schematic drawing of coupled ring
loaded MZI is shown in (c). The main difference between our design given in (c) and the
ring loaded MZI given in (b) is that the two rings are connected with a tunable coupler; it
is obvious that the design in (c) could be configured to a MZI with delay length of twice the
ring circumference, which is not straightforward with the design in (b). The phase shifter
is shown as a pink box, the tunable coupler is shown as a normal directional coupler with
a pink dot in the middle, the single add drop ring is constructed by connecting the input
and output port of the tunable coupler on the same side.

that we desire. Thus, a sequential configuration scheme or an optimization step is
required to configure the second-order filter design.

The circuit incorporates a two-stage input and output coupler as discussed in
the previous section to further reduce the effect of dispersion. A combination of lo-
cal and global optimization strategies to program the filter, using tailored objective
functions, have been tested in simulation and experiments. The final optimiza-
tion result is shown in Fig. 17 for three filter specifications. Fig. 5.16 shows that
the measured transmission matches well with the targeted simulation curve, the
extinction ratio of 20 dB is achieved by all the filter types, some even have an
extinction ratio of 30 dB.

The experimental result is obtained first by assigning the phase shifters with
the calculated phase values (see the supplementary material for the programmable
filter design), however the crosstalk of different electronic channels of the digital-
to-analog convector and thermal crosstalk of the phase shifters degrades the spec-
trum responses severely compared to the original prediction. Therefore the opti-
mization algorithm is needed to finetune the device. To our best knowledge, this is
the first time a global optimization strategy is directly used in optical ARMA filter
synthesis and simulation without any monitor photon diode inside the circuit. We
further extend the optimization strategy into experiments and demonstrated its use
in practical case for programmable filter circuits.

8 Summary

In this thesis, we address some key problems related to programmable chips. First,
we designed a broadband coupler component. Such coupler helps to improve the
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bandwidth of the programmable circuit. Then, we proposed a tolerant broadband
and tunable coupler circuit, which is the main building block for the programmable
circuits. In order to address the large FSR and higher insertion loss related to the
general-purpose programmable chip, a double ring loaded MZI design has been
proposed as a programmable filter. This filter design could be used as a pump-
rejection filter or an optical interleaver.
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Figure 17: Experimental transmission spectra of the double ring-loaded MZI filter. Each
plot shows the target design (with the a; and b; coefficients listed below the plot). The
experimental results are obtained by optimizing the spectral response from the chip outputs
by driving the on-chip actuators in real time. From the measurement we can see, the
experimental results matches the simulation very well, and the overall extinction ratio
exceeds 20 dB for all designs.
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Introduction

Photonics [1] is the physical science and application of light generation, detection,
and manipulation through emission, transmission, modulation, signal processing,
switching, amplification, and sensing. It is vital to high speed communication
system where light is used as a carrier. One reason that optical communication is
attractive is that it is cheaper and faster than its electronics counterpart. Photonics
is advantageous in power consumption compared to electronics, which made it a
perfect candidate for optical interconnects in data centers [2] [3].

1.1 Silicon Photonics

Silicon photonics (SiPh) is a material platform from which photonic integrated
circuits (PICs) can be made. The material silicon is used as the main fabrication
element. A PIC usually contains multiple components arranged in a circuit to im-
plement a broadband range of functions, such as wavelength filtering, modulation,
sensing, etc.

SiPh is compatible with CMOS (electronic) fabrication, which allows SiPh
PICs to be manufactured using established CMOS foundry infrastructure. The
CMOS process also allows the co-integration with electronics and low-cost-at-
high-volume fabrication of integrated optical device due to the nature of the tech-
nology [4]. Students or researchers can now access active silicon photonics fab-
rication, e.g., via the multi-project wafer services offered by Europractice, AIM
photonics, and others.
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There are a large number of applications based on silicon photonic systems that
are emerging in recent years, including LIDAR systems, bio-sensing, nonlinear op-
tics, microwave photonics and coherent communication. Areas of biosensing [5],
LIDAR [6], transceivers [7] are now commercializing themselves, lots of startups
companies are involved in these areas.

1.1.1 Introduction to few basic building blocks
1.1.1.1 Waveguide

The fundamental building block in a PIC is the waveguide. The transmission of
light is guided through the it. It also connects all the other components on chip,
such as splitters, combiners, modulators and lasers. A typical waveguide in silicon
photonics consists of a silicon core surrounded by another (dielectric) materials
with lower refractive index, usually air or silicon oxide (Si02). This structure
allows light to be confined in the core through total internal reflection. Normally
the waveguide is designed to be single model and polarization independent.

The typical demensions of a waveguide in silicon photonics is given in Fig. 1.1,
the tight structures allows the miniaturization of the photonic components and the
integration of a large number of components in a reduced space compared to PLC,
thus made the possible for large scale programmable photonics.

Strip Wavsggldf
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Figure 1.1: (a) Air cladding SOI waveguide. (b) Typical geometry and dimensions for a
single mode silicon-on-insulator strip waveguide with silicon oxide cladding

1.1.1.2 Coupler

In wavelength circuits, there are many points where the light needs to be split, of-
ten with well controlled fractions that are constant over a wide wavelength range.
The directional coupler is the most common way to implement a waveguide cou-
pler. The schematic of a directional coupler is given in Fig. 1.2.The operation
principle of the conventional directional coupler is illustrated as follows: light is
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launched into one arm and excites the even and odd supermodes of the two parallel
waveguides. The beat length of these two modes is given in Eq. 1.1.

A

Ly=— >
2(neven - nodd)

(1.1)
The normal directional coupler is very dispersive in high-contrast systems, also
it is quite sensitive to fabrication variations due to the narrow coupling gap.Thus,
a broadband directional coupler design is highly desired in most applications.
A power coupling ratio,x, is associated with each directional coupler. The
coupling ratio is determined by the length of region where the two waveguides are
coupled.

Coupler Length :

| |

Figure 1.2: The directional coupler is composed of two coupled waveguides. The
waveguide is given as blue region. The power coupling ratio, k is determined by the length
of region where the two waveguides are coupled.

1.1.1.3 Ring resonator

In general a ring resonator consists of a looped optical waveguide and a coupling
mechanism to access the loop. A typical all-pass ring resonator constructed by
feeding one output of a directional coupler back into its input is shown in Fig. 2.9.
When the waves in the loop build up a round trip phase shift that equals an integer
times 27, the waves interfere constructively and the cavity is in resonance.

The spectral response of the ring resonator is given as in Fig. 1.4. The free
spectral range (FSR) of the ring resonator is defined by the the wavelength range
between two resonances.

1.1.2 Passive devices

The Y branch, multi-mode interferometer (MMI), Directional coupler (DC), grat-
ing coupler, Arrayed waveguide grating (AWG) are common passive devices. The
Y branch , MMI and DC are commonly used as 50/50 splitters [8]. The MMI has
certain back-reflections. We hereby introduce few basic passive components.
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Figure 1.4: Spectral response of the ring resonator

1.1.3 Active devices

Detectors, modulators and lasers are common active devices. Optical modulation
and tuning are based on carrier depletion in a PN-junction and carrier injection in
a PIN junction [9].

Optical modulators imprint an electrical signal on an optical wave, termed the
optical carrier. Amplitude, phase, frequency, and polarization of the optical carrier
and any combination of the above can be exploited for encoding the information
[10].

The photo-detector converts the optical signal to an electrical signal. Since
silicon is not a good light absorber for standard telecommunication wavelength,
thus, epitaxial germanium growth [11], III-V bonding [12], plasmonic absorption
[13] are used to develop the photodetector.

Silicon is an indirect-band semiconductor, thus it is not possible to generate
light with pure silicon. Integration of lasers and optical amplifiers on the silicon
platform are made use of the following approaches: co-packaging, bonding ( hy-



CHAPTER 1 1-5

brid lasers ), germanium lasers and monolithic growth.

All devices suffer from fabrication variations, which leads to the deviation
of the desired transmission from actual transmission. This effect degrades the
performance of the circuit [14], especially for large photonic circuits.

Waveguides are dispersive, many devices are also wavelength dependent be-
cause of the high refractive index contrast and the small dimensions. Thus a broad-
band component such as broadband coupler is higher desired.

There is one passive component in which we are particularly intereted in, be-
cause it is essential for large-scale programmable photonic circuits: A broadband
2 x 2 coupler. We want both a passive device that delivers a fixed power cou-
pling ratio over a whole wavelength range, and an active circuit that can be tuned
to deliver a specific coupling ratio over a similarly wide wavelength range. The
broadband nature of the component would enable multiple applications such as
optical interleaver and switches. It would also benefit or improve the performance
of the programmable photonic circuit. We will briefly introduce the development
of such component.

1.1.4 Technical challenge

Silicon Photonics has been rapidly developing in the past decade, and many devel-
opment of Si-based photonic technologies for communication have demonstrate
its potential to be used for commercial products. Besides the rapid progress, there
are always technical challenges.

1.1.4.1 Propagation loss and radiation loss in bending

The propagation loss is mainly determined by the line-width roughness. The typi-
cal loss of the waveguide is in the order of 0.2 dB/cm to 1.0 d B/cm. The formula
to calculate the scattering loss as given in Eq. 1.2, is shown below:

5%k

= 1.2
k’o'd4'n1 ( )

o

where ¢ is root-mean square roughness and the correlation length of the surface
roughness structure is denoted as (., kg, d, and n; are wavevector of the light in
vacuum, the half-width of the core, and effective index. The « depends on the
wave-guide geometry and statistical distribution of the roughness, in which [, is
included.

The radiation loss is mainly caused by the bending section. The Euler bend
[15] is demonstrated to be able to reduce the loss of the bend significantly, thus
the radius of the bends could be reduced accordingly, which facilities more com-
pact design and layout size reduction for large photonic circuit designs. There are
also other methods to improve the propagation loss.3 um thick SOI platform have
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been used to realize long and low-loss wave-guide spirals [16]. The multi-mode
waveguide is said to reduce the waveguide loss in the coupler and in the ring cav-
ity, and therefore achieve high Q factors compared to previous implementations of
resonators in SOI without sacrificing the free-spectral range [17].

1.1.4.2 Coupling to external fiber

There are two kinds of couplers normally used in silicon photonics, edge coupler
and grating coupler. Both of these couplers utilize a taper structure. The mode in
the silicon photonic waveguide is diffracted from the taper and captured by a silica-
based waveguide in the edge coupler case. For grating coupler, the light leaking
from the taper is captured by the grating and coupled to the fiber. The length
of the taper in the normal straight grating coupler is too long, few hundred pm
length are needed, thus a curved grating coupler has been proposed to reduced the
length of the taper [18]. In order to improve the coupling efficiency, few methods
have been proposed, such as optical proximity correction (OPC) for the curved
grating fabrication [19], or reflection coatings to reducing the light leaking to the
substrate [20] . The difference of the edge coupler and grating coupler also lie in
the coupling efficiency they can achieve, the location on the chip and the working
bandwidth. The edge coupler, as the name suggests, can only be put on the edge
of the chip, thus, it limits the usage of such kind of couplers. However, due to its
high coupling efficiency and broadband operation wavelength range, such coupler
is widely used in commercial products for laser packaging. Grating coupler is used
for applications that do not require a wide bandwidth.

1.1.4.3 Polarization dependent devices

Since most of the devices on the standard silicon photonic platform are only for a
single polarisation, thus polarization rotator or polarization converter is needed in
order to manipulate two polarizations on chip.

1.2 Research direction

1.2.1 Photonic molecules

Photonic molecules are structures formed by the coupling of two or more opti-
cal micro-cavities (which could be referred to as a photonic atom in the molecule).
Photonic molecules can be used to realize complex optical energy states and modes,
analogous to those found in molecules, with properties useful for applications like
spectral engineering, analog computation, many body physics simulations, and
quantum optics.
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These optical cavities can be constructed by means of a circular waveguide
structure, called a ring resonator, resulting in a ring lattice structure. Some designs
for photonic molecules maded with coupled ring resonators are given in Fig. ??.
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Figure 1.5: (a),(b) and (c) are three examples of photonic molecules built with coupling
ring resonators.

There are several ways to model the ring lattice, including the Coupled Mode
Theory (which tries to build a physical model of the structure at large) and a circuit
modeling approach in which this structure is being viewed as a complex network
of several discrete components (the circuit modeling is implemented via the Caphe
engine, from Luceda photonics). In this research the circuit model is built by the
Caphe engine, the spectral response of the five ring structure given in Fig. 1.5(c)
is shown in Fig. 1.6.

The experimental result for the five ring structure is given in Fig. 1.7.First re-
sults indicate that the experimental results don’t agree with the simulations for
large lattices. The hypothesis for the origin of this mismatch is believed to be geo-
metrical variations on the optical chip, leading to variations in effective index. To
compensate for these variations due to fabrication, it should be possible to com-
pensate for them by placing phase shifters (implemented by a heating element) at
certain locations in the lattice or the photonic molecule structure could be imple-
mented on a fully programmable mesh circuits, in which the couplings and phase
of each individual component could be controlled or programmed, thus helps to
compensate the fabrication variation.

1.2.2 Programmable mesh circuit

The programmable PICs are based on the concept that the flow of light could be
manipulated in real-time. The light redistribution could then be performed under
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Figure 1.6: Spectral response by Caphe model of the five ring structure, the coupling
between forward mode and backward mode results into a complex spectrum.
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Figure 1.7: Spectral response by Caphe model of the five ring structure, the coupling
between forward mode and backward mode results into a complex spectrum.

software control. There are two types of programmable circuits, feed-forward
mesh and feed-back mesh circuit.

In forward only mesh networks [21] [22], light flows in one direction, interfer-
ing in 2 x 2 gates at every stage, Fig. 1.8a is a simple example of a forward only
mesh.The feed-forward mesh circuit is able to perform linear optical computations
such as matrix-vector products.

The feed-back mesh circuit [23] [24] is recirculating, where light can be routed
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in loops and back to the input ports. The feed-back loop can be connected in differ-
ent typologies, including square mesh shown in Fig. 1.8b, hexagonal mesh shown
in Fig. 1.8c, triangular mesh shown in Fig. 1.8d and alternative connection ty-
pologies. When evaluating these typologies against integration metrics (such as
footprint or gates per area) or functional metrics (such as reconfiguration capa-
bility,losses,and the choice of filter periodicity) a hexagonal mesh is particularly
attractive, especially because all ports can be used as input or output interchange-
ably. However as we can see from Fig. 1.8c, in order to build a single ring res-
onator, 6 2 x 2 gates on each side of the hexagonal cell form a circle, thus the
FSR of the ring resonator of the hexagonal cell and the internal loss of it is higher
compared to normal ring resonator where only one gate is needed. Beside, the
more the gates, the higher the power consumption. In other words, the general
purpose programmable chip sacrifices the performance to get the programmability
and configurability. Same as electronics, the ASIC chips are better in performance.

MzZi22

MZi21 ‘“Transparent’
(777) detectors

Figure 1.8: (a) Forward-only meshes of 2 X 2 optical gates. (b) square cells (c) hexagonal
cellls (d) triangular cells

For a large programmable PICs, not only the photonic design matters, the elec-
tronic control, packaging, algorithm and software layer are also important for the
system development.

The directional coupler is an essential building block of the photonic circuit.
It is used for splitting and combining light. A compact, wavelength independent
directional coupler [25] is highly desired, especially for telecom applications such
as wavelength-division-multiplexing [26] and signal switching [27]. In this thesis,
we proposed a broadband coupler design.
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1.2.2.1 Broadband coupler

An essential component in large scale programmable circuit is a directional cou-
pler, or tunable directional coupler. Optimally, we would like to have a broadband
directional coupler.

A broadband directional coupler has a constant coupling ratio with about 0.1d B
variation over a larger wavelength range. Such broadband directional coupler can
be engineered as a sub-wavelength grating assisted directional coupler [28], MZI
(Mach-Zehnder interferometer) [29], and asymmetric directional coupler [25]. We
have chosen the cascaded MZI as our design for broadband directional coupler.
The following steps are performed in our work.

1. The component design of the broadband directional coupler is a single stage
MZI. The phase difference is achieved by two waveguides with different
widths.

2. The layout of the design is shown in Fig. 1.9. It is composed of a coupler
section, a taper section, a S-bend section and a phase compensation section
with two waveguides of different widths.

3. Each component has its own T-matrix model. The T-matrix model of the
whole design is multiplication of the T-matrix of each component.And the
T-matrix is compared with the FDTD simulation.

4. The T-matrix model overlooked the coupling in the taper section, thus a
more accurate model based on eigenmode expansion (EME) is built by
Fimmprop.

5. A parameter sweep is conducted based on the EME model. The length of
the directional coupler and the length of the phase compensation section is
set as parameters to be swept. The initial sweep provided us a parameter
space to use in the next optimization step.

6. An optimization algorithm such as Kriging optimization is applied.
7. The optimized design is verified with FDTD simulation.

8. The broadband directional coupler will be fabricated by E-beam, the devices
will be measured and the data will be compared with the simulation.

9. We could also add heaters on the phase compensation section. In this way,
the design constrains will be loosened and we are also able to compensate
for the fabrication variation to a certain extent.
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Layout of Broadband Directional Coupler
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Figure 1.9: Layout of a broadband directional coupler implemented by a MZI

1.2.2.2 Tolerant, broadband, tunable coupler circuit

The broadband coupler enables the creating of more tolerant circuits and filters,
but to make them programmable we need to be able to change the coupling ratio,
but at the same time keep the broadband behaviour. We propose a tolerant broad-
band tunable coupler circuit shown in Fig. 1.10. We show that this circuit can be
tuned for a uniform coupling over a wide bandwidth of 50 nm, making it easier
to construct wavelength filters or route broadband light through a programmable
circuit [22].

The design of the two-stage is depicted in Fig. 1.10a. The circuit connects three
DCs with two sets of balanced delay lines with phase shifters. In our fabricated
device we incorporated phase shifters in all arms of the circuit, so we have 4 phase
shifters, but in practice it is possible to fully control the coupling with only two
phase shifters. We can adjust the transmission by tuning the phase shift in the two
stages. The device can be tuned from 0% to 100% as long as the three directional
couplers have a balance that is better than 25:75. This makes the circuit tolerant
to fabrication imperfections and even local variability, as it is not required that all
three DCs perform identically.

We demonstrate that the circuit is tolerant to fabrication variation and wavelength-
independent by the following simulation. We assume the circuit consists of imper-
fect DCs of 40:60 coupling ratio at 1550 nm. In Fig. 12, we plot the power cou-
pling 7 at 1550 nm (white contours), and overlay it with the maximum deviation
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An within the wavelength range of 1525-1575 nm. For any given desired coupling
value, we can tune the two phase shifters such that we obtain this coupling value
within 3% over the entire wavelength range for an almost uniform response.

We can find inside the yellow contour (the dark blue region ) where the cross
transmission becomes almost non-dispersive indicates a flat spectral response and
broadband operation. The white circles indicates the coupling ratio distribution
according to the phase combination of phase shifter 1 and phase shifter 2 at 1550
nm. The yellow contour overlaps with different white circles of coupling ra-
tio from 0% to 100%. It means that we could tune the phase shifters to find
broadband operation for any arbitrary coupling ratio. Figure 1.12 shows the simu-
lated cross power transmission for the best operating point for coupling values of
0%,10%,40%,70%,90% and 100%. The maximum dispersion of coupling power
is 3% between 1525 nm and 1575 nm.

We designed and demonstrated a simplified tunable coupler circuit with O-
100% coupling range even under conditions of fabrication variations. We also
show that we can bias the circuit to obtain a flat spectral response over a wave-
length range of 50 nm. This work is published in [8].

1.2.2.3 Technology development of heaters

Today most programmable photonic circuits use electrically-driven heaters. These
thermal tuners consume several mW electrical power, has a time constants of 10-
100 ps [30]. The thermal crosstalk or the efficiency of the thermal heater could be
improved with undercut designs [31].When thermal insulation is applied, heater

FEENEN
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Directional coupler _

Figure 1.10: (a) Microscope picture of the fabricated device.(b) Two-Stage MZI 2 x 2
tunable coupler.
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efficiency improves with a factor of 20, but at the cost of a slower response time.
Other kinds of heaters such as a PIN diode and a resistor with diode can all work
as heaters. An alternative is using the waveguide itself as a resistor, by lightly
doping it, but this will induce additional loss in the waveguide.Other materials
such as liquid crystal [32], piezoactuators and MEMS [33] are being investigated.
The MEMS device realized in MORPHIC project [34], is broadband and ’zero-
charge” when latching is applied. Once such device is configured, the state will
be static, the power consumption of this kind of MEMS is considered to be low
compared with “always on” heaters.

1.2.2.4 Programmable filter composed by double ring loaded MZI

The current limitations for such programmable PICs lay in large insertion loss,
high crosstalk, small FSR and large power consumption. In some applications,
the programmable component is more versatile and has advantages in lower loss,

30([%]

¢ [rad]

Figure 1.11: Simulated result of cross transmission 1 at 1550 nm and the maximum
deviation of the cross coupling An from 1525 to 1575 nm for the two-stage tunable
coupler with imperfect DCs of 40:60 coupling ratio. The dark lines in the graph indicate
the region of 3% deviation from the desired coupling within a 50 nm wavelength range of
1550 nm. As this region contains all coupling values from 0-100%, we can tune the circuit
to a 50 nm broadband coupling regime with a tolerance of 3%.
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Figure 1.12: The simulated cross power transmission for 0%, 10%,40%,70% 90% and
100% coupling ratio.Within the working region between 1525 nm and 1575 nm indicated
by the dashed line, the device works as a broadband coupler with a deviation less than 3%.
Outside this working region, the coupler suffers more wavelength dispersion. The
dispersive response of a single DC with 40:60 coupling ratio at 1550 nm is also shown by
black bold line.

lower cross-talk, larger FSR and so on. A programmable component has less tun-
able elements, therefore less power consumption and easier to control. It also has
short path length, therefore has lower loss and shorter ring lengths which increas-
ing the FSR. A programmable filter design have been proposed in this work, such
programmable component is not only configurable but also addressed the problems
with large programmable circuit.

The filter circuit is quite essential in lots of applications, it has its applications
in telecommunication as interleaver, in quantum systems as pump rejection filter,
in microwave systems as notch filter and etc. Programmable filters provide more
flexibility in controlling the filters in photonic systems. The free space arbitrary
waveform generator has been commercialized by Key-sight using LCoS. Here we
propose a novel filter circuit that incorporates a balanced Mach-Zehnder interfer-
ometer (MZI) loaded with a double coupled ring resonator in integrated photonics.
The filter circuit we propose here extends the traditional ring loaded MZI by us-
ing a double (coupled) ring resonator that links the two arms of the MZI. The
schematic drawing of the filter is shown in Fig. 5.1.

The second-order filter can also be cascaded to realize higher-order filters. As
shown in Fig. 5.1(b), a fourth order filter is built by cascading two second order
filters.

We applied a global optimization algorithm to fit the filter parameters, where
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Figure 1.13: (a) Schematic drawing of the filter circuit , the phase shifter is shown as a
pink box. (b) Schematic drawing of a two stage filter.

the optimization target function is carefully tailored to the problem. We applied
this optimization schemes both in simulation and experiments. Since thermal
cross-talk, electrical cross-talk, dispersion induced by couplers , fabrication vari-
ation of optical components will degrade our filter performance, thus the optimi-
sation algorithm is needed in real time measurements. As the measurement data
is noisy and the initial guess might be not accurate due to crosstalk, the Powell is
chosen in experiments. The final optimization result is shown in Fig. 1.14 for three
filter specifications.

We have proposed an MZI filter circuit loaded with a coupled double ring
resonator to realize a configurable second-order auto regressive-moving-average
(ARMA) filter, and demonstrated optimization of the tuning coefficients both in
simulation and in experiments. The results of this has been submitted to scientific
report.

1.3 Thesis outline

Chapter 2 covers the basics of filter design. The goal of this chapter is to introduce
most of the prerequisites that will be used in later chapters. Then, in chapter 3, we
will discuss the design of the passive broadband directional coupler, which is very
interesting to improve the bandwidth of our filter design. In chapter 4, we will
then extend this to a tunable broadband coupler circuit. In chapter 5, we will go
in to the details on the principles, simulation and experiments with programmable
wavelength filter based on the coupled ring loaded MZI.And in chapter 6, we will
introduce some of old projects and future directions. Chapter 6 also concludes the
whole thesis.
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Figure 1.14: Experimental results for programmable filter design.
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Component design and Filter design
basics

Optical filters are key function for photonic circuits, they are used for many ap-
plications including WDM channel selection, sensors, spectrometers, interleavers
and etc. Optical filters have many different requirements, it is important to have a
good understanding of filters, therefore we give an introduction to filters. Filters
can be implemented as building blocks/geometries (e.g. gratings) or as circuits. In
both cases, we need to understand the fundamental building blocks and we need
to model them. That is why we first explain the different modelling and design
strategies for building blocks.

The chapter is organized as following: first, the component design basics are
introduced to the reader. We start with the modelling approaches including EME,
3D FDTD, 2D FDTD, BPM, CMT, TMM. Then the comparison between EME
and FDTD is made. Then we go to filter design basics. Different types of filters,
specification of filters, the mathematical representation of the filter design , the
classification of different types of filters are introduced. Then we conclude this
part with the applications of the filters. The chapter servers as prerequisites for
chapter 3 and chapter 5.



2-2 COMPONENT DESIGN AND FILTER DESIGN BASICS

2.1 Component design basics

Typical circuits consist of a few fundamental building blocks of silicon photonic
systems building blocks built on a silicon-on-insulator wafer: passive components
such as wave- guides, couplers and filters, and active devices such as modulators
and photodetectors. Using these, large systems can be pieced together without sig-
nificant re-engineering at the device level. The performance of the components are
determined by its geometry which is defined by the mask layout. The modelling of
these components is done by simulating the physics inside. For passive blocks, the
modelling is by solving the Maxwell’s equations. The modelling of active blocks
involves the electrical and thermal modelling as well.

The behaviour of passive blocks is captured in a scatter matrix, which describes
coupling from port (mode) to port (mode). This scatter matrix is reciprocal if the
component is not time-varying.

There are different techniques to model a passive block, including EME, FDTD,
TMM, BPM and etc. Each has its advantages and weaknesses.

2.1.1 Modelling and design approaches

In this section, we present an overview of the simulation and design tools for sil-
icon photonic component and circuit design. The broadband coupler in chapter 3
was designed with Eigenmode solver for different coupling cases.

2.1.2 Mode solvers

The mode can be calculated by different methods. These methods are FMM, FDM,
FEM solver and effective index method.

The FDM solver is also called finite difference mode solver. The non-uniform
meshes is supported by it, with automatic refinement in regions where higher reso-
lution is needed. The FDM solver is particularly well suited to model wavegudies
with high index contrast waveguides, bent waveguides, waveguides with curved
interfaces.

FMM Solver is used to find the modes of a polarisation-independent structure.
A lot of parameters can be calculated for each mode, including the group index,
mode dispersion, effective index, mode loss in the case of leaky modes or bend
modes. These parameters can be scanned by varying geometry of the waveguide,
allowing to fine tune the design for specific purposes. The FMM solver is rec-
ommended for waveguides with a rectangular geometry, or a geometry that can
be simply discretised into rectangles, typically epitaxially grown structures, SOI
structures, ridge and rib waveguides.

The FEM solver is ideal to solve complex waveguide geometries whose highly
optimised mesh can adapt itself to virtually any arbitrary shape. The FEM solver
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uses automatic mesh refinement techniques which allow it to increase the resolu-
tion exactly where it is needed as shown in Fig. 2.1.

s,
A

fav:. (S
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Figure 2.1: FEM solver

The effective index mode solver is an approximate method which is both fast
and reliable in finding the estimates for modes.The effective index mode solver is
best for weakly guided structures and 1D+z calculations.

2.1.2.1 Eigenmode Expansion Method (EME)

The EME method is a frequency domain method for solving Maxwell’s equations.
This methodology involves 2 steps [1]:

1. The modal decomposition of electromagnetic fields into a basis set of eigen-
modes. These modes are computed by dividing the geometry into multiple
cells and then solving for the modes at the interface between adjacent cells.
Scattering matrices for each section are then formulated by matching the
tangential E and H fields at the cell boundaries. This is the most time con-
suming portion of the EME calculation. In this step, FDE solver is used.

2. The simulation is now in analysis mode, and the solution to each section
can be propagated bi-directionally to calculate the S matrix of the entire
device. The internal fields can also be reconstructed, if desired. This step
can be carried out very quickly.Once in analysis mode, the user can change
the propagation distance of each section arbitrarily without having to repeat
step 1. This is why the EME method is very efficient for scanning the lengths
of devices.

Eignenmode calculations are useful in determining the band structures in peri-
odic structures such as photonic crystals and Bragg gratings, Lumerical MODE is
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well suited for structures such as MMI, directional couplers, tapers, gratings, etc.
It is implemented in CAMFR , FIMMPROP and Lumerical MODE.

This method will be used intensively in the following simulation for the broad-
band coupler. And the main advantage of such method is that the change of the
length will not cost more simulation time, thus it is very friendly if sweeping of
length for a component is necessary.

2.1.2.2 3D FDTD

The most general and rigorous time-domain approach is the finite difference time
domain ( FDTD ) method, in the design of the broadband coupler, the FDTD is
used to verify the simulation result from Fimmprop.

The FDTD technique is a numerical method used for solving the three-dimensional
( 3D ) Maxwell equations. This technique is particularly useful for analyzing
the interaction of light with complicated structures with sub-wavelength-scale fea-
tures. FDTD is the numerical calculation for Maxwell’s equations, the accuracy
converges to the exact solution when the mesh size getting smaller. FDTD is a time
domain method and simulates the propagation of a electromagnetic pulse. In the
spectral domain, it contains a broad spectrum of wavelength components. Thus,
a single simulation provides the response of a optical system for a wide range of
wavelengths. FDTD can model dispersive and nonlinear materials, thus it can be
extended to include electronic interactions such as those found in semiconductor
lasers and optical amplifiers.

The 3D FDTD is quite computationally expensive since the simulation time-
step is sub-femotosecond. The Lumerical FDTD Solutions efficiently and accu-
rately models the device response over a wide optical bandwidths with the ma-
terial dispersion taken into account. The S-parameters generated with Lumerical
FDTD is later used for system modelling. In the broadband circuit simulation,
the S-parameters generated or measured with real experiments are inserted in the
circuit model. When simulating S-parameters in FDTD, multiple simulations are
needed to know the coupling from each port to each other port. In some cases, one
can use symmetry and reciprocity to reduce the number of simulations. Actually
this technique can be even generalized for the system level simulation with Ipkiss.

For calculating S-parameters, the FDTD solver needs to calculate the overlap
with the eigenmodes of the waveguide ports. This is only analytically correct for
the center wavelength of the pulse. For other wavelengths, the eigenmode overlap
calculation will have a slight error. So it is often a good idea to simulate the S-
parameters for a few central wavelengths.

FDTD calculations can be used for calculation of waveguide bends, coupling
coefficients in directional couplers, fiber grating couplers, edge couplers, Y-branch
splitters, waveguide crossings, and polarization splitter rotators.

The procedure for FDTD simulation is described as following:
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1. The optical materials such as silicon, silicon oxide, germanium, metals are
defined.

2. The structure is drawn, either via GUI or generated by the script. The struc-
ture geometry could be parameterized , which helps with design optimiza-
tion.

3. The simulation volume is defined. Normally the device should fit in the
simulation space, sometimes, the simulation area can be just a fraction of
the total device extent. Several simulation parameters need to be specified.

(a) Mesh: the mesh is defined by the number of mesh points per wave-
length in the material. The smaller the mesh, the larger the simulation
time.

(b) The boundary condition is defined. Normally the boundary condition
of perfect matching layers ( PML ) is used. The PMLs are used to
absorb all the light leaving the simulation and it is implemented by
numerous layers, which consumes more computation time. Metallic
boundaries (perfect reflectors) are used when there is an expectation
that no light will be incident on a boundary.

(c) The simulation time for feed-forward designs such as directional cou-
plers, grating couplers, Y-branches are typically estimated by ¢ =
L/vg, where L is the propagation length, v, is the group velocity in
a certain material. Thus we normally specify a much larger time than
t and when the residual fields in the simulation volume have faded out
below a certain threshold.

4. The optical sources are added. The source is usually defined by calculat-
ing the modes for the waveguide and the fundamental TE mode is chosen
and launched into the waveguide. The central wavelength is specified with
an optical bandwidth. The source should be placed within the simulation
volume and 1 — 2 mesh points away from the boundary.

5. Monitors are added. Monitors are used to measure the optical field quanti-
ties, both £/ and H, at the chosen locations. A 2D monitor is used to measure
the field profile at the output of the waveguide. A mode monitor takes this
field profile and overlaps it with the local waveguide mode.

6. Convergence testing is performed. The simulation results should converge to
a stable value when decreasing the mesh size and increasing the simulation
volume.

7. Analyses are performed. This type of analyse depends very much on the
design you have.
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8. Parameter sweeping. Numerous simulations are performed for various ge-
ometric parameters, wavelengths, polarization, etc. Optimization algorithm
, such as genetic algorithm or particle swarm algorithm can be used in the
optimization. In broadband device optimization, particle swarm are utilized
in the optimization process.

2.1.2.3 2D FDTD

The 2D FDTD is applied to structures which are invariant in one dimension. This
method does not consider coupling between the T'E' and 7'M modes, hence it can
not be used to model devices such as polarization rotators. Fiber grating couplers
with straight gratings can be approximated with gratings that are infinitely long.
The 2D FDTD simulation can be done in seconds while it may take minutes or
hours with 3D FDTD. It is normally used for large devices and prototyping designs
when parameters sweeping is needed.

2.1.2.4 Beam Propagation Method ( BPM )

BPM is developed for slowly varying structures with small index of refraction
contrasts. This technique is suitable for designing ”sub-circuit” components such
as arrayed waveguide gratings and Mach-Zehnder interferometers.

Not in submicron silicon photonics. Explain the technique a bit more, and
explain why it is not suitable for high-contrasts structures. 8-9 lines should be
enough, but now it is not clear to people who are not familiar with the field.

2.1.2.5 Coupled Mode Theory (CMT)

The coupled mode theory is based on perturbation, the set of modes of the system
is perturbed. For example, the modes of a directional coupler is calculated first as
two separated waveguide modes, then the two waveguides are brought together,
there is the coupling between them, the original waveguide modes are slightly
perturbed. The Bragg gratings are also considered as forward- and backward-
travelling modes for the straight waveguide, then the grating induces perturbations
that couples the forward- and backward- going modes.

2.1.2.6 Transfer Matrix Method (TMM)

TMM provides an exact solution for one-dimensional structures such as thin-film
reflectors, Distributed Bragg Reflectors in Vertical Cavity Lasers ( VCSELs ), etc.
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2.1.3 Comparison between EME and FDTD

In this section, a comparison between EME and FDTD is done. Both methods
are widely used in component design, however both of them have advantages and
disadvantages.

The FDTD method scales well with parallelization, the large simulation could
be cut into pieces and each could be simulated separately. Such parallelization
would help save the simulation time. FDTD simulates the propagation of a pulse
of light (tens to hundreds of femtoseconds long), which contains a broad spectrum
of wavelength components. The system’s response to this short pulse is related
to the transmission spectrum via the Fourier transform. Thus, a single simulation
provides the response of the optical system for a wide range of wavelengths at
once.The boundary conditions are defined as Perfect Matching Layers ,which are
used to absorb all the light leaving the simulation. The FDTD also converges well
for arbitrary geometries. FDTD converges as the mesh size is reduced but halving
of the unit cell comes with a 16x increase in simulation time.

For the EME simulation, the computational cost scales well with propagation
distance. When we only would like to change the distance of a certain cell in
the EME simulation, for example a taper simulation, the modes calculated by the
previous simulation could be reused and only a distance change is applied in the
S-matrix, thus the length scan of a component can be very quick. This is also the
reason why we chose to use EME for our broadband coupler simulation, since the
length of each section would be an important parameter for the optimization. The
EME can also handle periodic structures along the propagation direction very well.
EME converges as the number of modes is increased, and as the mesh size in the
transverse direction is reduced.

The EME thus is better than FDTD for design with large structure length and
only 1 section is needed for long uniform regions such as MMI. The FDTD is
favorable for its broadband simulation and it is normally used for 3D scattering
problems, splitters and grating couplers.

2.2 From components to circuits

These circuit simulations rely on behavioral models for each of the devices or
components in the circuit. A behavioral model allows to simulate the circuit suffi-
ciently fast without loosing too much accuracy. The behavioral model for a passive
device is a scatter matrix, which is extracted from FDTD, EME , etc. The behav-
ioral model could also be the analytical formula fitted to a measurement result. To
make a circuit, the components are connected together, and the scatter matrix of
the entire circuit can be calculated from the S-matrix of the components and the
connectivity matrix. The scatter matrix of the entire circuit is a more approximate
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but faster model compared to a full physical simulation such as FDTD or BPM.

For time-domain simulations, signals are propagated between the compoennts
and coupled from the input ports to the output ports described by a the model of
the building blocks.

2.3 Filter Design Basics

Optical filters have been widely used in lots of applications, such as telecommu-
nication interlevers , spectroscopy and oscillators. An optical filter is basically a
4- port device including in, pass, drop, and add port (add port is sometimes not
needed and drop port is sometimes just loss or radiation). It basically passes signal
of desired wavelength and rejects all the other wavelengths as designed.

2.3.1 Different types of filters

Filters are widely used in optical communication systems- filters, bandpass filter,
multiplexer and optical add-drop multiplexer. Interleavers are periodic bandpass
filters.

Bandpass filters ( BPFs ) are a type of filter that suppresses the optical power
transmission outside the filterband but allows a certain wavelength window to pass.
In case of a single channel transmission, the bandpass filter plays a role of reduc-
ing the noise added by optical amplifiers thus improves the signal to noise ratio
( SNR ). BPFs are also an essential components used for multiplexing and de-
multiplexing wavelengths in a WDM system. The function of a bandpass filter is
shown in Fig. 2.2 (a). Low-pass filters (LPF) and high-pass filters (HPF) are filters
which can provide a sharp cut-off either above or below a particular wavelength.
The low-pass filter transmitted long wavelength radiation, while the high-pass fil-
ter blocks the long wavelength transmission.

As shown in Fig. 2.2 (b), a multiplexer combines different wavelengths into a
single channel. The same device called “demultiplexer” separates different wave-
lengths to different outputs. The multiplexers and de-multiplexers are basic com-
ponents for WDM transmitters , WDM receivers, and optical crossconnect ( OXC
), which could separate wavelength channels from the incoming waveguide or fiber
and redistribute them to outgoing waveguides or fibers. Another important device
for WDM system is called optical add-drop multiplexer (OADM ) which is a com-
bination of filters and maybe a wavelength converter. The working principle of a
OADM is shown in Fig. 2.2 (c), where a particular wavelength channel is added to
and another wavelength channel is deducted from the WDM spectrum.
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Figure 2.2: (a) bandpass filter (b) multiplexer which combines different wavelengths into
single output (¢) optical add-drop multiplexer where channel )\, is added to and channel
i is dropped from the WDM spectrum

2.3.2 Specifications of wavelength filters

In general, the design parameters for a bandpass filter shown in Fig. 2.3 are pass-
band width, stopband rejection, and the transition width between passband and
stopband. The dispersion characteristics must also been engineered or controlled
well.

For different systems, the specifications of filter design is different, below is a
list of specifications for a WDM filters.

1. Insertion loss. Insertion loss is the loss from the input to the output of a
filter. It should be low.

2. Polarisation-dependent loss (PDL). This kind of loss is independent of the
state of polarisation of the incoming signals.

3. Temperature drift. The temperature drift is the wavelength drift when the
temperature is changed. The temperature drift should be low, there is also
research to make temperature tolerant or fabrication tolerant filter design.

4. Passband width. The passband width is usually defined by the 3dB band-
width.
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Figure 2.3: A bandpass filter with low cutoff frequency (fL), center frequency (fC), and
high cutoff frequency (fH) shown in relationship to bandwidth and pass band.The gain for

10.

the optical filter is normally 1 when no amplifier is included in the filter.

Crosstalk. Crosstalk is defined as the light transmitted to the adjacent chan-
nels.

Group delay. Group delay is the time delay of the amplitude envelopes of
the various sinusoidal components of a signal through a device under test,
and is a function of frequency for each component. Phase delay, in contrast,
is the time delay of the phase as opposed to the time delay of the amplitude
envelope.

. Free spectral range ( FSR ). The FSR describes the spectral periodicity of

the filter transmission function.

Intra-band ripple and out-of-band ripple. It is defined by ripples inside the
passband and ripples outside the passband.

Finesse. The finesse is defined as the FSR divided by the 3dB width of the
filter.

Tuneability. Tuneability is defined as the ability to reconfigure the filter
function or tuning the centre wavelength of the filter response.

However in most of the cases, we are designing filters with the help of some
specific filter synthesis functions such as Butterworth filter, elliptical filter, cheby-
shev type I and type II filters. Given specifications for the filter, we could choose
certain type of filter of the desired order that best mimics the response of the tar-
geted filter. This procedure could also be helped with the vector fitting method [2].
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2.3.3 Digital Filter Concepts for Optical Filters

Optical filters are normally modeled as digital filters. In this section, some basics
of the digital filter concepts are being presented.

2.3.3.1 Discrete Signals

A discrete signal [3] is obtained by sampling a continuous time signal z(t) at ¢
= nT, where T is the sampling interval and n is the sample number. 7 is the
unit delay. The Fourier transform [4] of such a sequence has a sum instead of an
integral and it is given in Eq. 2.1.

+00
X(f)y=Y_ z(nT)e > /"" 2.1
n=—oo
where f denotes the absolute frequency. The normalized frequency is denoted
asv = fT = f/FSR, where the F'SR is the period of the signal. The normalized
angular frequency is w = 27v. A discrete signal is often represented by x[n]. The
discrete-time Fourier transform (DTFT) of Eq. 2.1 is defined as

+00 _
X(w)= Y a[n]e 7" (2.2)
The Z-transform of the DTFT for discrete signals is defined by substituting z
for e/“ in Eq. 2.2. The Z-transform is given as follows:

+oo
H(z)= > h(n)z™" (2.3)
where h(n) is the impulse response of a filter and z is the complex number that
may have any magnitude.

2.3.3.2 Mathematical representation of a array waveguide grating (AWG)

The AWG could be generalized into interferometers which split incoming light
into many paths, in a wavelength independent way, delayed and recombined. The
splitting and recombining ratios, as well as delays would determine the spectrum
response.

As is shown in Fig. 2.4, the incoming light beam is separated into M+1 parts,
the splitting ratio is defined by the b; coefficients. The split light is transmitted
through different delay lines. The combination of different delay lines would un-
dergo interference depending on the relative phase shifts. The time domain equa-
tion for such AWG system is given in Eq. 2.4.
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Figure 2.4: light is distributed into M+1 beams and each beam is delayed for a certain
time constant, the input signal is also feedback with delay lines.

y(t) = box(t) + brz(t — At) + ... + bya(t — NAt) (2.4)

In some cases, a ring resonator or a feedback delay lines are introduced into
the system. Similar as the feedforward delay line, the splitting coefficients of the
feedback delays are denoted as a1-a .

The discrete linear system with both feedback and feedforward delay lines with
a discrete input signal has the following relationship:

y(n) = box(n) + bixz(n — 1) + ... + byyz(n — M)
—a1y(n—1) — ... —any(n — N)
The weights are given by the a and b coefficients, and they are corresponding

to the splitting ratio of the input and output star coupler of the AWG.
The z-transformation of Eq. 2.5 is denoted as H(z).

2.5)

H(Z) _ Zrz\fzo bmz—m _ B(Z)

— = 2.6
Ty ae AG) 20
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A(z) and B(z) are Ny, and My, order polynomials, respectively. The roots of
the numerator polynomial of H(z) are called zeros, and the roots of the denomina-
tor are called poles of the system. H(z) can be further written in terms of the roots
of the polynomials in Eq. 2.7.

o Ff,zV_M H%:l(z — Zm)
[T (2 =)

The zeros are represented by z,,. A zero that appears on the unit circle,
|z:m| = 1, results in zero transmission corresponding to normalized frequency.
This corresponds to a comb of frequencies. The poles are represented by p,,. And
the gain for the system is set by I'. For passive filters, the transmission can never
exceeds 1. The gain can be added by incorporating SOA in the system.

Normally the matlab toolbox will give the pole zero plot for a filter when the
a; and b; are given. The pole-zero plot is equivalent to its spectrum response, the
zeros are designated by o’s and poles by x’s. For example, if we would like to
design a Chebyshev type II low pass filter, with a stop band of 10-dB of magnitude
response ( 20 dB for power response ) and a normalized edge frequency of 0.5 7
rad/sample. The transfer function given in Eq. 2.8.

2.7)

. 1-02927140.27272
©0.37+0.25271 +0.37272
The pole-zero plot for the given Chebyshev type II filter and its corresponding
spectrum response is given in Fig. 2.5.
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Figure 2.5: (a) pole zero plot (D) filter frequency response

The whole description for a filter with forward and feedback delay lines could
be generalized to other filters as well.
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2.3.4 Classification of different types of filters

When implemented as a waveguide circuit, optical filters are composed of cou-
plers, delay lines, phase shifters, or ring resonators. These components are used to
manipulate light to have constructive or destructive interference at certain wave-
lengths, such that a filter passband is generated. We can identify two basic classes
of filters, i.e. finite impulse response (FIR) filter and infinite impulse response
(IIR) filter. A FIR filter is usually composed by forward delays such as MZIs or
arrayed waveguide gratings, and these are also called moving average (MA) filters.
The IIR filter is composed by feedback loops such as ring resonators, and are also
called autoregression (AR) filters. The Autoregressive (AR) filter has only poles
and is composed by multiple feedback delay lines. Filters with both poles and
zeros are thus called Autoregressive Moving Average (ARMA) filters. An Infinite
Impulse Response (IIR) filter has at least one pole.

2.4 Different filter implementations

There are different optical filter implementations.

2.4.1 Directional coupler

The Z-transform relationships of basic optical circuit elements were first developed
for fiber optic filters by Moslehi and co-workers []. The waveguide delay and
directional coupler are first described using their Z-transforms.

Figure 2.6: Transmission coefficients for the through- and cross-ports of an optical
directional coupler [5]

A power coupling ratio,x, is associated with each directional coupler. The
coupling ratio is determined by the length of region where the two waveguides
are coupled. The relationship between the input electric fields and output electric
fields are expressed as a 2 x 2 transfer matrix in Eq.

Eoutl _ c —jS Einl
|:Eout2:| N |:_.78 c :| |:Ein2:| (29)
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2.4.2 A single-stage MA filter

A fundamental building block of photonic integrated circuits is the Mach-Zehnder
interferometer (MZI). It is a four port device and consists of two couplers and a
delay section composed by two waveguides with length L; and Ls. This device
could be made tunable with a phase shifter on one waveguide of it, inducing a ¢
phase shift. The unit delay is defined by the length difference between the two
waveguides. The transfer function of the unit delay is z!. The schematic of a
single MZI is given in Fig. 2.7. A 2 x 2 delay matrix is written for both arms as

follows:

‘ —1
Bietay = ye 9002 {Zo ﬂ (2.10)

The transfer matrix for a single phase shifter is given as :

@2.11)

Figure 2.7: A single-stage MZI schematic [6]

where -20log, v = oL is the loss in dB for propagation through the common
path length of both arms. The overall transfer matrix for the MZI is the product of
the transfer matrix of each component of the MZI in Eq. 2.12:

q)MZI = (I)cpl’r(KZ)(I)delayq)ps(bcplr(’il)

_ Co —JSa eI 0] [z71 0 c1 —J81
T sy e 0 1|0 1||-js1i @« (2.12)

| eI — 5159 —j(s1c0e799271 4 ¢189)
—j(c180e79%271 4 51¢9) —5180e 9271 4 e

where s,, = /K, and ¢, = /1 — Kk,,.

2.4.2.1 Multi-stage filter

A multi-stage filter can be realized by concatenating MZIs in a lattice architecture
as shown in Fig. 2.8. Only N+1 couplers are required for an N-stage filter. The
applications include bandpass filters , gain equalization, and dispersion compen-
sation.
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Figure 2.8: multistage lattice filter [6]

2.4.3 A Single-Stage AR Filter

A ring resonator is the simplest optical waveguide filter with a single-pole re-
sponse.

(a)

(b)

X,/ +«——x

g
=)

Yo+ >,

(c)

Figure 2.9: Ring resonator with two couplers (a) waveguide layout, (b) Z transform
schematic, and (c) matrix representation [6]
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The FSR of the ring resonator is proportional to the round trip length of the
ring resonator, which is L.y + L.o + L1 + Lo shown in Fig. 2.9(a).

2.4.3.1 Coupled ring resonator

Figure 2.10: AR lattice filter architecture: (a) multi-stage waveguide schematic [6]

The echelle grating and arrayed waveguide grating (AWGs) are essential com-
ponents in wavelength division multiplexed (WDM) communication networks.

244 AWGS

The arrayed waveguide gratings (AWG) are widely used in WDM systems, they
are used to multiplex wavelengths from a port to multiple ports, thereby the capac-
ity of optical networks is increased considerably.

The light that comes from an input fiber first enters a multimode waveguide
section, then the split light propagates through several single-mode waveguides
to a second multimode section, and finally into the output ports. The schematic
drawing of it is given in Fig. 2.11.

2.4.5 Echelles

The schematic of an echelle grating is given in Fig. 2.12. The light diverges and
illuminates the concave grating after entering the slab region of the input waveg-
uide. The diffracted light from the grating is focused into the output waveguides
with the help of the concave surface.
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Figure 2.11: Schematic diagram of a slow-light arrayed-waveguide-grating
spectrometer [7]

Figure 2.12: Schematic of echelle grating [8]

2.4.6 Other types

Except the above widely used filter designs, there are also other designs pro-
posed by researchers, including nested ring Mach-Zehnder interferometers [9],
re-configurable silicon processors based on resonant self-coupled optical waveg-
uides (SCOW) [10], response shaping with a silicon ring resonator via double
injection [11], and the cross-ring resonator MZI interleavers [12].

2.4.7 Application of filters

Microwave notch filters with high peak rejection have been widely studied. These
microwave notch filters are crucial for removing interference in dynamic, wide-
band radio systems, such as cognitive or ultrawideband ( UWB ) radios. The specs
for such applications are demanding, including high resolution filtering (3-dB
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width of a few tens of MHz) with a very high notch peak rejection (>50 dB) [13].
For a ring notch filter, the critical coupling is achieved when the coupling is equal
tothe loss (r=a).

Integrated quantum photonics have attracted much attention in recent years
for its potential to implement large-scale quantum information processing circuits
on the mature platforms of photonic integrated circuits, including programmable
quantum chip in Xanadu, which severs as online 8 or 12 qubits quantum cloud
sever. The practical realization of a quantum system would require generation, ma-
nipulation and detection of the correlated single photons on a single chip. The en-
tangled photon pairs are generated by the spontaneous four-wave mixing (SFWM)
process, which uses the 22 nonlinearity of the silicon excited by a strong pump
field. A high extinction ratio or suppression ratio filter of 100 dB while no addi-
tional loss is needed as pump rejection filter to the biphoton quantum states gen-
erated by the SFWM. Several solutions have been proposed to solve this problem,
including cascaded Bragg waveguide grating filters and cascaded second-order
coupled-resonator optical waveguide (CROW) [14]. The design for the cascaded
crow filter is quite simple, the heaters on the rings are used to calibrate the res-
onance shift induced by fabrication variation. The performance of such filter is
quite good, the extinction ratio of a single stage is around 50 dB, the two stage
combined could reach an extinction ratio of 96 dB. The reported insertion loss is
0.8 dB , which is the lower-est one compared with former filter demonstration.

2.5 Conclusion

In this chapter, the mathematical representation of a digital filter and its physical
meaning is introduced to the reader through the example of a AWG. Some basics
of digital filter design and three filter types have also been introduced.
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A 2 x 2 broadband waveguide coupler

In wavelength circuits, there are many points where the light needs to be split, often
with well controlled fractions that are constant over a wide wavelength range. The
most common case is a 50:50 couplers, where the imbalance is the most critical
parameter.

Such coupler acts as a poser distribution, but also as an optical beam 2 x 2
beam coupler [1] [2] for interference-based devices, both for splitting, mixing and
combining.

3.1 State of the art

The 2 x 2 broadband waveguide coupler can be made by several approaches.

The directional coupler is the most common way to implement a waveguide
coupler due to the ease of fabrication. The coupling of it could be easily controlled
through the engineering of the lupmped part and dependent part, however it is very
dispersive in high-contrast materials like silicon [3]. Also the directional coupler
is quite sensitive to fabrication variations due to the narrow coupling gap. The
working principle of the directional coupler is based on the interference effect of
two modes, which means no fundamental loss in the coupler apart from scattering
and absorption losses. Directional couplers which have been engineered to have a
broadband response are usually designed for a fixed splitting ratio (e.g. 50:50) [2].

Multimode interference (MMI) couplers, with their relatively large bandwidth
and relaxed fabrication tolerances [4] [5], have been widely used as splitters, but
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it is hard to engineer for arbitrary coupling ratios, and it is not easily tunable.
The working principle of a MMI is self-imaging: the light from the input port is
coupled to multiple modes, and then interferenced and coupled back to the two
waveguides. It is more broadband however it is limited by the coupling ratios that
can be achieved since coupling to multiple modes also makes it hard to get all the
light back into the two waveguide modes.

One implementation of such broadband coupler is by using use asymmetric-
waveguide based phase control sections [2]. It is a Mach-Zehender interferom-
eter (MZI) based couplers which integrate an MZI structure into either DCs or
multimode-interferometers, which exhibits broadband performance but with a large
footprint on the scale of hundreds of micrometers,

Adiabatic couplers are often implemented as a broadband splitter. They are
not able to function in two directions, besides, they are also very long [6]. The
coupling region of an adiabatic 3 dB coupler typically needed to be a few hundred
micrometers long.

Sub-wavelength grating (SWG) structures offer the flexibility to tailor the re-
fractive index and the dispersion properties of SOI photonic devices and, thus, pro-
vide a means to reduce the device footprint. SOI sub-wavelength grating (SWG)
structures can be used to further reduce the footprints of adiabatic 3 dB cou-
plers [7].

There is also generalized directional coupler, where the cross section of the
design is varying.

The broadband coupler is widely used in applications in communication sys-
tem such as switches [8] and interleaver [9]. Tne method of realizing a broadband
coupler in this thesis is by using a Mach-Zehnder interferometer (MZI) type cou-
pler. Part of this work was performed in the context of the Master thesis of Xuhao
Wu, which I supervised. The theoretical analysis of it is performed with a model
built with EME ( Eigen mode expension ) method in FIMMPROP [10]. The design
was further optimized with the Kriging method.

3.2 Component model for broadband coupler

The optical model for the broadband coupler is built with the FIMMPROP with the
EME method. One implementation of such broadband coupler is by using the MZI
shown in Fig. 3.1. It is composed of 3 sub-components, symmetrical coupler, taper
and phase compensation section [2]. In theory, the modes in the two waveguides
of the phase compensation section do not couple with each other. However, such
design has been investigated in simulation, and the weak coupling in the taper and
phase compensation section is not negligible. Thus, we will choose a variation
design shown in Fig. 3.2. Our design separates the two waveguides used in the
phase compensation section by a s-bend.
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Layout of Broadband Directional Coupler
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Figure 3.1: The layout of the broadband directional coupler implemented by a MZI
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Figure 3.2: The variation design of the broadband directional coupler, the s-bend
separates the two waveguides of the phase compensation section apart.

3.2.1 Model building

In this section, we will build the model in FIMMPROP step by step.
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First, the layout of the broadband coupler is defined with few control points
shown in Fig. 3.3. The width of the waveguide in the input and output coupler is
defined to be 0.5 um, the gap of the input and output coupler is defined as 0.2 um.
The S-bend is first defined as straight section, however in the real fabrication, a
smooth shape is more favorable because the abrupt change in the s-bend or taper-
like sections would induce reflections. Thus, in the next step, we will interpolate
the s-bend and taper section into more smooth curve. The interpolation method is
called scipy.interpolate.CubicSpline [11].The bend shape is defined according to
the length and height of the bend. The coupling of the bend can not be ignored,
besides the shape of bend could also cause loss to the whole design, thus, the
height of the bend could be set as a parameter to be optimized. The widths for
the phase compensation sections are 0.3 wm and 0.6 um separately. The length
of the taper is set to be 1.5 um, the length of the bend is set to be 4 um at the
moment. For simplicity, our first optimization only takes the length of the input
and output directional coupler and the phase compensation section as two variables
to be optimized. The layout before interpolation could be plotted in Fig. 3.3.

Layout of Broadband Directional Coupler
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Figure 3.3: The layout of the broadband directional coupler

The layout of the directional coupler after interpolation is shown in Fig. 3.4.
The number of slices used in the s-bend and taper section is currently defined to be
20, the convergence test needs to be done in order to determine the proper number
of slices for the bend and taper section.

The FIMMPROP is controlled by pyFimm [12], which is an open-source python
interface of Photon Design’s FIMMWAVE/FIMMPROP. In the next step, we will
use pyFimm to construct the same design as shown in Fig. 3.4. The design is
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Layout of Broadband Directional Coupler
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Figure 3.4: The layout of the broadband directional coupler, it is obtained by interpolating
the initial design in Fig. 3.3

calculated with the EME method, for which the geometry is discretized into sec-
tions. For each individual section, FMM or FDM is used to calculate the supported
modes. The taper and S-bend contain 20 sections to be calculated. In this model,
the bend and taper section are fixed, thus it needs to be calculated only once. So
the coupler length and phase section length can be very efficiently swept. The di-
rectional model generated by FIMMPROP is shown in Fig. 3.5. The model built
by FIMMPROP would be rigorous, thus, we could also capture the coupling and
phase induced in the s-bend and taper section. In the next section, we will use the
Kriging algorithm to optimize our design.

3.3 Component optimization with Kriging

As we have discussed before, the broadband directional coupler is a Mach-Zehnder
shaped design. It is composed of two input and output directional coupler sections,
two s-bends, two taper sections and a phase compensation section. The phase
compensation is composed by two waveguides of different width, so that the prop-
agation constant for the light in these two waveguides is different, thus a phase
difference between light in the upper and lower arms is induced. If the input and
output coupler are 50/50 direcitonal couplers, then the phase difference in the up-
per and lower arm of such design would determine the splitting ratio in the output
ports.

If we make the design shown in Fig. 3.2 symmetric along the propagation
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Figure 3.5: The directional coupler generated by FIMMPROP

direction (i.e. input section and output section are identical), then only two param-
eters need to be changed in the optimization process, which is the length of the
input and output directional coupler and the length of the phase compensation sec-
tion. The other parameters such as the length of the s-bend and the taper section
are fixed in each simulation. In FIMMPROP model, the input and output cou-
pler section is modeled as one slice, the phase compensation section is modeled
as another slice, while the s-bend and taper section is modeled as many slices, the
width in sub-slice is the same, and the height of each sub-slice is determined by
the interpolation function.

Before the optimization, parameter sweeping is needed to be able to define the
reasonable range for optimization. We could plot the output coupling as a function
of the length of coupler and phase compensation section, this serves as a look-up
table for the next optimization step.

Normally the only reliable simulation technique to a fully vectorial, 3D so-
lution of Mxwell’s equations is EME or FDTD. The optimization process for a
photonic component can be very expensive, thus it is important to keep the num-
ber of these ’expensive’ simulation as small as possible.

The Kriging method is developed by Daniel G. Krige for the distribution of
gold mines. Kriging is a surrogate model based on Gaussian process regression.
Its capability to predict multidimensional and nonlinear responses from scattered
data gives it growing popularity.

Kriging could be used to reduce the number of simulations by adaptively se-
lecting the simulation point with the largest likelyhood of producing a better com-
ponent. However, individual simulations are still expensive. Thus, a combination
of expensive, high-precision 3D FDTD simulations with much cheaper, lower-
precision 2D EME simulations can accelerate the optimization. Such technique is
called Co-Kriging, it uses the cheap simulations to learn the trends of the compo-
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Figure 3.6: The length of the coupler and phase compensation section are swept for
wavelengths at 1500, 1525, 1555, and 1575 nm. The contour plot of the coupling values
are plotted.

nent behavior, which are calibrated with expensive simulations. The cheap sim-
ulations allow a quick building of the landscape of multi-dimensional parameter
space, which minimized the need of the expensive simulations. The Co-Kriging
has been used to optimize the 1 x2splitterdesign1001[13].

In the optimization of broadband directional coupler in this thesis, Kriging has
been used as the optimization algorithm and the 3D FDTD is only used in the final
verification step.

The overall procedure for Kriging optimization could be described as:

1. The target function is defined. In the BDC design, the coupling power ratio
Peoupling—ratio defined in Equation (3.1) is used as the target function for
the broadband operation.

2. The initial status has been provided. In the BDC optimization, we could get
the initial status by a parameter sweep.

3. In our simulation, the model built with Fimmprop could be called as cheap
model, and the FDTD model built with Lumerical FDTD could be called
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expensive model. The definition of cheap and expensive model is based on
the simulation time it used. The Kriging simulation could be based on pure
cheap model, Co-Kriging is used to combine cheap and expensive model
in one single optimization. In this particular case for broadband directional
coupler optimization, we only use the cheap model built with EME for com-
ponent optimization.

Pcoupling—ratio = % (3.1)
where P,; is the output power of the upper port and P,5 is that of the lower port.
Note that both P,; and P,2 should be normalized.

In this thesis, the 00DACE [14] toolbox developed by the SUMO group of
IDlab at Ghent University - IMEC is used for the Kriging optimization. The al-
gorithm will first sample the parameter space based on the initial condition and
boundary conditions. After the initial sampling process, the data points will be
collected. The Kriging optimization then uses the collected data points to predict
or calculate the rest optimization. The Kriging optimization is time consuming
because it builds a model where it has to calculate the uncertainties.

3.4 Results after Optimization

By using the optimization method Kriging, we have optimized the following cou-
pling values. The detailed design information for optimized designs are given in
Table 3.1:

We have found the design parameters for the coupling values of 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8 and 0.9. The dispersion is larger in the broadband design with
small coupling values. As we could see from Table A.3, the length of the input
and output coupler changes quite a lot for different designs, however the length
of the phase compensation section kept similar. The optimized data as a function
of coupling is plotted in Fig. ?2.The optimized parameter of coupling 0.8 is an
outlier, the rest of the data falls on a smooth curve, which can be interpolated for
intermediate coupling values.

The corresponding spectrum response for selected designs in Table 3.1is plot-
ted Fig. 3.8. We are optimizing for 100 nm wavelength range.

The result from the FIMMPROP is then verified with the FDTD simulation.
After verification, We could then use e-beam to fabricate this device and compare
the measurement result with simulation.

The design workflow is given in Fig. 3.9.
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target coupling value | simulation result deviation design parameters
k=02 k =0.1930 6 = 0.0630 Ly = 14.2um
Lo =8.33um

k=0.3 k =0.302 0 =0.04 Ly = 12.5787um
Lo = 8.470um

k=04 k =0.3910 0 =0.0456 | L; = 11.6205um
Lo = 8.575um
k=05 k = 0.508 0 =0.0363 Ly =9.905um
Ly = 8.646um
k=10.6 k = 0.598 0 =0.02193 | L; = 8.789um
Lo = 8.734um
k=0.7 k=0.724 6 =0.0162 Ly = 7.234um
Lo = 8.793um
k=038 k=0.793 0 =0.028 Ly = 7.590um
Lo = 8.81lum
k=09 k=09 0 =0.0173 Ly = 3.079um
Ly = 8.958um

Table 3.1: design info of the optimized design

optimized parameters as a function of coupling

14

12

10

length (um)

—— length of the input and output coupler
length of the phase compensation section \

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
targeted coupling values

Figure 3.7: This figure is plotted based on Table 3.1. The optimized parameters are plotted

as a function of coupling. The optimized parameter of coupling 0.8 is an outlier, the rest of
the data falls on smooth curve, which can be interpolated for intermediate coupling values.

3.5 Discussion

The optimized result in Fig. 3.8 showed that designs of larger coupling values are
less dispersive than designs with smaller coupling values. Besides, the variation
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Figure 3.8: broadband spectrum response for selected designs
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Figure 3.9: design workflow of a broadband directional coupler
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of coupling values for a certain design in 100 nm wavelength range is more than
3%.

In order to improve the broadband design, we have the following potential
directions to work with.

a. The optimized result shown in Fig. 3.8 is our initial optimization result given
only two parameters ( length of the coupler and length of the phase compensation
section ) are optimized. The structure for optimization is limited to a symmetri-
cal shape. We could use a asymmetric structure and the optimization parameters
would be increased to three (the length of the input coupler, the length of the output
coupler and the length of the phase compensation section), which would provide
more freedom for the optimization. b. Other parameters such as gap of input and
output coupler, the height of the s-bend, and the widths of the waveguides in the
phase compensation section could be varied and also these parameters could be
optimized.

c. We could choose a cascaded MZI design for our broadband coupler design.
Research has been done on such a cascaded MZI [2] [15]. The device would be
bit longer than single-stage MZI design, however the spectrum response would
be more broadband. The schematic drawing of such a cascaded MZI is given in
Fig. 3.10. Maximum power deviation between theoretical and simulation results
for 30%/70% coupler is less than 2%, and FDTD simulated +2% bandwidth over
1275-1570 nm, in reasonable agreement with the TMM calculation [15].
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Figure 3.10: Structure of the multi-segment directional coupler. (a) Schematic. (b) Cross

section of the symmetric regions. (c) Cross section of the asymmetric region 1. (d) Cross
section of the asymmetric region 2 [15]

3.6 Conclusion

In this section, we have shown the whole work flow of a device optimization and
fabrication. We have investigated the design and optimization of the broadband di-
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rectional coupler (BDC) by Eigenmode expansion method. The proposed structure
realized broadband response of coupling values from 0.2 to 0.8, and we have inter-
polated the result so that we could have design for arbitrary values. The proposed
design could be further optimized by using double stage MZI design.
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Broadband Coupler Circuit Design

Programmable / configurable circuits need a broadband 2x2 coupler that can be
adjusted at run time, to tune between 0% and 100%. So the static component from
the previous chapter needs to be made electrically tunable while at the same time
main the broadband response. This work was collaborated with a former colleague
Antonio Ribeiro.

We propose a circuit design for a broadband tunable 2 x 2 waveguide coupler,
consisting of a two-stage Mach-Zehnder interferometer with electro-optic phase
shifters in each stage. We demonstrate that such design can be configured as a
tunable coupler with arbitrary coupling ratio and with a uniform response over
50-nm spectral range around 1550 nm. The design is also tolerant to fabrication
variations that affect the coupling ratios of the directional couplers.

4.1 State of the art

One of the essential building blocks for these optical circuits is a 2 x 2 waveguide
coupler, the integrated equivalent of an optical beam splitter. Such component
is essential for power distribution as well as the construction of interferometric
wavelength filters [1].

It is preferable that these couplers have a broadband response, especially for
applications such as linear transformations, switch fabrics or bandpass filters. Also,
tunability is another property that is highly desireable, as it can make photonic cir-
cuits more flexible, up to the point where we can make programmable photonic
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circuits where many waveguides are connected in a mesh with tunable 2 x 2 cou-
plers [2].

Normally, a tunable coupler made with single-stage Mach-Zehnder interfer-
ometer (MZI) would require an ideal 50:50 splitters/combiners to achieve 0-100%
splitting ratio [3]. However, due to fabrication variation, the fabricated device (e.g.
50:50 splitters/combiners) will deviate from the designed value, and this will limit
the coupling range that can be addressed with the MZI circuit. Also, as the direc-
tional couplers are wavelength dependent, the coupling of the MZI circuit will also
be wavelength dependent.

Therefore, a fabrication-tolerant 2 x 2 coupler circuit, that can be tuned from
0 to 100% coupling, and this over a wide wavelength range, is a highly needed
building block to construct complex circuits.

In order to address this issue, Miller has proposed a three-stage MZI circuit,
which we could also call a 2 x 2 x 2 x 2 MZI design [3]. This can be seen as
a regular single-stage 2 x 2 MZI where the two directional couplers (splitter and
combiner) have been replaced by a tunable 2 x 2 MZI circuit, thereby guaranteeing
that a 50:50 coupling can be obtained in both the splitter and combiner. Suzuki has
also proposed a reduced two-stage design (a 2 x 2 x 2 MZI) [4], however neither
of these designs address the issue of wavelength dependence.

The dual-drive directional coupler proposed by Daniel [S] has lower insertion
loss. However the power consumption of the design is still significantly high. And
the optimization of the thermally tuned dual-drive DC is constrained by fabrication
limitations that set minimum distances between metal layers and waveguide layers,
among waveguide layers and safety distances for isolation trenches. It is not very
clear whether or how this device could reduce its power consumption. Besides, the
reported operation bandwidth of the dual-drive DC is just around 12 nm.

4.2 Tolerant tunable 2 x 2 coupler

In this chapter, we are building on the two-stage 2 x 2 x 2 MZI design and explore
its use and configuration for a broadband coupling response. As we will show, op-
timizing the device performance is as much about the control as well as about the
device design itself. This chapter is organized as follows. Section 4.2 explains the
basic principle and tolerance of the design, while section 4.3 presents an underly-
ing theoretical description. Section 4.4 and section 4.5 present the simulation and
experimental results. The real-time optimization algorithm is explained in section
4.6. Section 4.7 concludes the chapter. Most of this chapter is based on the results
published in [6].

Due to fabrication variations, a fabricated device will always deviate from its
designed performance. For example, a 50:50 2 x 2 coupler, either implemented as
a directional coupler or a multimode interferometer, can easily suffer from a few
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percent points of coupling variation from the ideal 50:50 splitting ratio at 1550 nm.
Thus, tolerant designs that compensate for these variations in the optical circuits
are very much desired, but not easily implemented.

The typical implementation for a tunable coupler is a balanced MZI. The MZI
is constructed with two static 50:50 couplers such as directional couplers (DCs),
connected with two waveguides with integrated phase shifters (e.g. heaters). The
power transmissions in both outputs ("bar’ and ’cross’) cover the whole range of
0% to 100% only when the splitter and combiner have a perfect 3dB (50:50) split-
ting ratio. When the coupling ratio of the directional couplers deviates from its
designed value, the power coupling range in ’cross’ will not go all the way to
100%, and the bar transmission can not be suppressed all the way down to 0%.

And as already mentioned, even if the directional couplers have a perfect 50:50
splitting ratio, this is usually only the case for a narrow wavelength range, as
the directional couplers are wavelength dependent. Alternative couplers, such as
MMIs [7] and phase-compensated directional couplers [8] offer a more broadband
50:50 coupler, but these can also suffer from deviations due to fabrication variabil-
1ty.

(b)

Figure 4.1: (a) Three-stage design for the tolerant tunable coupler, as proposed by
Miller [3]. (b) Circuit schematic of the two-stage broadband tunable coupler [4]. The
directional couplers (DCs) are connected with two waveguides with integrated phase
shifters (e.g. heaters), which correspond to the phase compensation section A¢1 and A¢po.

The accumulation of imperfections caused by fabrication variation would have
huge impact on large programmable circuits with hundreds or thousands of tunable
couplers, especially on functions that rely on ’cross’ coupling with a very high re-
jection ratio in the ’bar’ port. In order to solve this issue, Miller [3] has proposed
the following structure as the tolerant design for the tunable coupler. Basically,
each directional coupler in the single stage MZI has been replaced with a balanced
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MZI, as illustrated in Fig. 4.1a. This results in a circuit with 3 concatenated MZI
stages, each with tunable phase delay in the arms. As long as the directional cou-
plers in the design have a coupling ratio between 85:15 to 15:85, the circuit can
be tuned to achieve transmission from O to 100%. However, such design would
require control electronics for at least 3 heaters.

To reduce the control complexity, we propose a similar circuit with only two
tunable MZI stages (three directional couplers with two thermal tuners), similar to
what has been proposed in [4], as shown in Fig. 4.1b. The coupler circuit can be
tuned from 0% to 100% as long as the three directional couplers have a balance
that is better than 25:75, which is shown in Fig. 4.2. Compared to the three-stage
design, the tuning algorithm becomes simpler while it is still tolerant to fabrication
imperfections and even local variability.
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Figure 4.2: Addressable range of the transmission curve for Fig. 4.1b for different values
of the DC coupling k. We set the coupling of all DCs k; to be same, and calculated the
minimum and maximum transmission in both bar and cross coupling. We see that, as long
as the DCs have coupling values between 0.25 to 0.75, we are able to achieve transmission
between 0% and 100%.

4.3 Theoretical analysis

To understand how we can turn the two-stage 2 x 2 x 2 MZI in Fig. 4.1b into a
tolerant, but also a broadband tunable coupler, we built a simple analytical model
of this circuit, using the transfer matrix method (TMM). The complex amplitudes
of the input and output electromagnetic waves have the following relationship be-
tween each other:

|:Eout1

} =C5x Py x Cy x P x Cy X [Enl} 4.1)
Eout2

Ein2
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where E;,; and F;,o are the complex amplitudes of the light in the funda-
mental waveguide modes at the inputs and E,,;; and E,,> represent the same
quantities at the outputs for the 2 x 2 device. Matrix C; is the coupling matrix
of each directional coupler and Matrix P; is the propagation matrix of a phase de-
lay section (consisting of two parallel waveguides or phase shifters) for the single
stage MZI. The coupling matrix, C}, is given by:

CleivE ViR |
where k; is the power cross-coupling coefficient, and 1 — k; is the straight-
through coefficient for the directional coupler. Note that the value of k; can be
different for each directional coupler, and it is also wavelength dependent, and
sensitive to fabrication variations. For the rest of the derivation, we assume that
k1 = ko = ks = k, but this does not affect the general conclusions.
The propagation matrix P; of each phase delay section is given by:

—Jj¢i
P, = {e 0 ﬂ , 4.3)

where we assume no loss, and equal length for waveguide propagation, so the
common propagation terms can be ignored.
The final transfer matrix can then be derived as:

Ty = M(_k(ej% + 1)ej(¢1+¢2) + (_kej¢1 —k+ 1)ej¢1)e—j(2¢1+¢2)
Ty = ]\/E(k _ 1)(6‘7451 + 1)ej¢>1 + (k+ (k- 1)ej¢>1)ej(¢1+¢2))e—j(2¢1+¢2)
4.4)
Ty, is the transfer function of the bar port of the 2 x 2 x 2 MZI, while T5;
is the cross transmission. In order to have the broadband response of the device
for a certain coupling ratio k of the tunable couplers, two conditions need to be
satisfied:

2 9T (M)

2
* The dispersion of the power transmission |, d\ — 0

M oA

e |T11|? = desired coupling ratio K

AT (N))?
We can rewrite the dispersion for the bar port M as

O\
ATu(N> _ aTu(k)|* k(N @5)
) o Ok )

We can describe the wavelength dependence of the directional coupler as a
Taylor polynomial expansion around the center wavelength \g:

k() :k0+k/'(/\—)\o)+% A= Xo)? . (4.6)
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Now the first-order derivative at Ay becomes

Ok(\)

oA

k' is the first order derivative of k, and in order to make the tunable coupler

as broadband as possible, we could try to reduce k’ by engineering the directional

coupler to make it less wavelength dependent according to equation 4.5. This

requires a physical optimization. Instead, we can choose not to engineer %', but

use the phases ¢1 and ¢5 to compensate for k’. Squaring and deriving (5.12) gives
us:

— ¥ .7

T; 2 4 4 4 |
% =(1- 3k2 + 4k)ej¢1+3¢2 +(1- 3k2 + 4k)e_3¢1_3¢2+
(2]{7 — 3k2)e*j¢1+j¢2 + (Qk _ 3k2)ej¢1fj¢>2+ 48)

(1 —6k® +6k)e 7" + (1 — 6k* + 6k)e 792

If we use second order polynomials and neglect higher-order terms, the 3dB
directional coupler given by Fig. 4.3¢c could be simplified as k = ko + &’ (A — o),
where the desired power coupling K = 0.5 for \y = 1550 nm. We find that
k(A1) = 0.75 and k(\y) = 0.15 are corresponding coupling ratios of the DC at
wavelengths \; = 1525 nm and Ay = 1575 nm. For the 2 x 2 x 2 MZI with

a dispersive 3dB directional coupler in wavelength range [A1,\2], the dispersion

T (MN)]?
;‘12 Wd)\ could be simplified to:

-dk

A2 9T (N2 A2 9| T (K2 Ok(N) FO2) 91Ty (k)2
————d\ = . d\ = _
A (o)) A ok oA k(A1) ok
= ((k — k3 + 2k2>(€j¢1+j¢2 4 e—j¢1—j¢2) 4 (kQ _ k3>(€—j¢1+j¢2 4 ej¢1—j¢2)+
(k — 2k3 4 3K2) (€71 4 €1%2 4 ¢I%1 4 ¢7792)) ’;83
_ _0_0615(ej¢1+j¢2 + e—j¢1—j¢2) _ 0_1215(e—j¢1+j¢2 + €j¢1—j¢2)_
0.183(ej¢1 +€j¢2 +e*j¢1 +67j¢2)

1 1

(4.9)
The basic principle of configuring a two-stage MZI as a broadband coupler is
explained in Fig. 4.3. The grey region in Fig. 4.3a is the region with less than 5%
dispersion over 50 nm wavelength range in central wavelength 1550 nm according
to equation (4.9).
Fig. 4.3b is the coupling plot for the central wavelength A\ = 1550 nm.The
broadband response for different coupling ratios lies in the region which is the
combination of grey region in Fig. 4.3a and contour lines of Fig. 4.3b in the 2D
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Figure 4.3: (a) Iso-contours for the wavelength dispersion given by equation (4.9), where

A1 is 1525 nm, A2 is 1575 nm. We normalize the absolute value of the dispersion; the grey
region indicates settings with less than 5% dispersion. (b) plots the cross transmission at
1550 nm. (c) The spectrum response of a single 50:50 DC used in our fabricated device.
(d) The (¢1, ¢2) contour to obtain a coupling ratio of 0.5 for different wavelengths has
been plotted based on equation (4.8). The region in the 2D phase space indicated by the

red dotted line, where the contours for different wavelengths are intersecting, is indicative

of a broadband operating regime over a wavelength range of 50 nm.

phase space (¢; and ¢5).Fig. 4.3c is the spectrum response of the 50:50 DC used in
our fabricated device. It is clear that the DC only has good 50:50 coupling around
Ao = 1550 nm.The DC is wavelength dependent, and the measured coupling
values for different wavelengths are used in the simulation of Fig. 4.3d.

Fig. 4.3d is the simulation result for the same cross coupling points in the 2D
phase space of (¢4, ¢2). For any coupling ratio, there are a number of phase com-
binations that will give the correct coupling, which corresponds to the contour lines
in Fig. 4.3d. However for different wavelengths, these contours become distorted,
because the directional couplers have different coupling strength at other wave-
lengths. The change in coupling strength can be compensated by the control of the
constructive/destructive interference through the two phase shifters.The region in
the 2D phase space indicated by the red dotted line, where the contours for dif-
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Figure 4.4: Simulations of a two-stage MZI tunable coupler with a directional coupler
with a perfect 50:50 splitting ratio at 1550 nm. (a) Cross transmission at a wavelength of
1550 nm, (b) Maximum deviation of the cross coupling between 1525 nm and 1575 nm for

the two-stage tunable coupler.(c) Transmission spectra of the corresponding points in
(b).(d) Combination of (a) and (D).

ferent wavelengths are intersecting, is indicative of a broadband operating regime
over a wavelength range of 50 nm.Essentially, this configuration of (¢1, ¢2) re-
sults in an region where the contours of different wavelengths intersect or come
very close together.

4.4 Tuning for broadband operation

Based on this model, we understand that we can configure the 2 x 2 x 2 MZI as
a wavelength-independent tunable coupler, which is very useful for many applica-
tions such as wavelength-division multiplexing and signal switching in data com-
munication. However, the coupling ratios of conventional directional couplers are
highly sensitive to their operating wavelengths, especially in high-contrast waveg-
uide materials such as silicon. A broadband 2 x 2 coupler would have the desired
response that the coupling ratio remains the same in a larger bandwidth.

Figure 4.4 presents the simulation of a two-stage tunable coupler with direc-
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tional couplers with a perfect 50:50 splitting ratio at 1550 nm, the model for 3dB
directional coupler has been explained in section 3. Fig. 4.4(a) is the cross trans-
mission at a wavelength of 1550 nm, Fig. 4.4(b) is the maximum deviation of the
cross coupling between 1525 nm and 1575 nm for the two-stage tunable coupler.
The dark regions bounded by the yellow contours in the graph indicate the re-
gion of 3% deviation from the desired coupling within a 50 nm wavelength range
around 1550 nm. Fig. 4.4(c) is the transmission spectra of the corresponding points
in Fig. 4.4(b): only point 2 and 4 have a flat spectral response, corresponding to
the dark region in Fig. 4.4(b). Fig. 4.4(d) is the combination of Fig. 4.4(a) and
Fig. 4.4(b): the dark region contains the entire 0-100% coupling range, so we
can use the circuit as a 50 nm broadband tunable coupler with only 3% coupling
tolerance.

Similarly, Fig. 4.5 shows the simulation result of the same two-stage tunable
coupler, but with imperfect DCs of 40:60 coupling ratio at 1550 nm. The simu-
lation result showed that such design could also work as a tunable coupler with
any coupling ratio in 50 nm wavelength range of central wavelength 1550 nm,
which means that the two stage tunable coupler design is tolerant to fabrication
variations according to simulation. In Fig. 4.5(b), within the working region be-
tween 1525 nm and 1575 nm indicated by the dashed line, the device works as a
broadband coupler with a deviation less than 3%. Outside this working region, the
coupler suffers more wavelength dispersion. The dispersive response of a single
DC with 40:60 coupling ratio at 1550nm is also shown by black bold line.Such de-
sign also works when the three directional couplers have different coupling values,
as long as they are within the safe zone of 25:75 as illustrated in Fig. 4.2.

‘~:~mm1 30 (%] 1000ptical spectrurln of TE mode coupler within 100 nrln spectral rangg
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Figure 4.5: Simulation result of a two-stage tunable coupler with imperfect DCs with a
40:60 coupling ratio at wavelength 1550 nm. (a) corresponds to Fig. 4.4d, (b) is the
simulated cross power transmission for 0%, 10%,40%,70%,90% and 100% coupling ratio.
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Figure 4.6: Fabricated chip on the IMEC ISiPP50G platform. (a) microscopic image of
the fabricated chip and (b) the corresponding GDS layout of the design.

4.5 Experimental results

We had this circuit fabricated on IMEC’s standard iSiPP50G silicon photonics plat-
form, which we accessed through the Europractice multi-project wafer service. In
total 3 different designs for the two-stage MZI tunable coupler have been fabri-
cated, with different nominal design values for the directional couplers. Device
A has a DC designed with a designed 60:40 split ratio for the DCs at wavelength
1550 nm, device B with a 65:35 DC, and device C with a 70:30 DC.

The experimental result is compared with simulation. Fig. 4.7 shows both the
simulated and experimental transmission for the bar port of device A. The data
was measured by sweeping the voltage applied to the thermo-optic phase shifters,
which are implemented with a diode in series, as presented in [9]. The sweep-
ing resolution has been chosen to be 0.1 V, and we measured the transmission for
10 wavelength points in the 50 nm wavelength range. Such resolution should be
sufficient to see the trend of the spectral response and allows for a good quali-
tative match between the simulation and experimental results shown in Fig. 4.7.
Fig. 4.7(a-b) show the simulation results of the coupling at 1550 nm and the vari-
ation over a 50-nm range (both in dB scale). The dark blue region in Fig. 4.7(b)
surrounded by the yellow lines have <1 dB variation, (For a 3 dB coupler, the 1 dB
variation region would span from -2 dB to -4 dB. For a -20 dB coupling ratio, the
1 dB region spans from -19 dB to -21 dB.) Fig. 4.7(c-d) is the corresponding exper-
imental result, and we can see a good qualitative agreement. The black rectangles
in Fig. 4.7(c-d) correspond to the phase space plotted in Fig. 4.7(a-b).

We can now use the obtained 2-D transmission maps as a look-up table (LUT)
for configuring the tunable coupler to search for a desired coupling ratio. This
gives us the transmission curves plotted in Fig. 4.8. We see that the variation for
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Figure 4.8: Similar to Fig. 4.7(d), the experimental result for the cross port of device B
(65:35) is shown in Fig. 4.8a, the yellow dots corresponds to coupling values in (b)
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larger coupling ratios are significantly higher than that of smaller coupling ratios.

4.6 Optimization algorithm

As we can see from the previous section, the performance of the device is also lim-
ited by the measurement resolution used to compose the LUT. As the landscape
of the LUT is quite smooth, this resolution can be improved through interpolation.
As an alternative, we introduce optimization algorithms with control loops to con-
figure the couplers, which enables us to obtain more accurate coupling values in
a shorter time. Control loops can be used for all kinds of purposes [9], such as
power control, crosstalk minimization [10] and real-time monitoring [11].

As already demonstrated, the LUT provides but a coarse estimation of the driv-
ing voltage of the heaters for the desired coupling value. This can be used as a
starting point for an optimization algorithm. For coupling optimization at single
wavelength, the gradient-descent algorithm [12] is used. For broadband optimi-
sation, we use the Nelder-Mead method [13]. In the following, we will illustrate
how these two algorithms work.

4.6.1 Gradient descent algorithm

The gradient descent algorithm is a first-order iterative optimization algorithm for
finding the minimum of a function. In Fig. 4.9, the gradient descent algorithm is
applied in the real-time measurement and the trajectory to get to the maximum
and minimum output value is plotted out. The output power measured with power
meter is used as input value (x) , the model targets to get the best-fit regression
to predict the value of y based on x. While training the model, the model calcu-
lates the cost function which defined by the Root Mean Squared error between the
predicted value (pred) and true value (y). The model targets to minimize this cost
function [14].

4.6.2 Nelder-Mead method

The Nelder-Mead method is a commonly applied numerical method used to find
the minimum or maximum of an objective function in a multidimensional space
[15]. In real time measurement, the voltages applied to the two phase shifters are
used as parameters for optimization. For broadband operation, we try to minimize
the difference between the targeted output spectrum and the real-time measured
value. The targeted spectra are the ideal broadband responses of our coupler. By
minimizing the cost function similar in Gradient descent method, we could find
the best broadband coupling points in the 2-D phase space. In Fig. 4.8, we already
demonstrated the possibility of the device to be configured into a broadband tun-
able coupler, however in Fig. 4.10, the broadband coupling response of 40% and
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Figure 4.9: Experimental result of searching for the maximum and minimum coupling
points with gradient descent method.

50% have been obtained with the Nelder-Mead method as an example. The trans-
fer spectrum is plotted with 0.1 nm resolution. The oscillations are caused by the
resonances of the Fabry-Pérot cavities which are formed by the input and output
grating couplers.
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Figure 4.10: Experimental result of searching for the broadband coupling value of 40%
and 50% using the Nelder-Mead method.

The ripple we observe on the spectrum originates from a cascade of small
backreflections which can be attributed to the grating couplers as well as the inter-
faces of waveguides with the directional couplers and phase shifters. These can be
further reduced by optimizing the individual building blocks.
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4.7 Comparison between our design and state of the
art

Most of the waveguide-mesh implementations rely on the tunable coupler by means
of MZIs based on two 3-dB couplers, so is our proposed design. This tunable cou-
pler offers a wideband tunable range, in the mean time, it is tolerant to fabrication.
The power comsumption of such design could be reduced tremendously with the
help of under-cut heaters. The power consumption of the undercut heater is around
1.5 mW/pi reported in literature [16]. However the scalability of the circuit is lim-
ited by the insertion loss (IL) resulting from the required pairs or 3 50:50 splitters.

The dual-drive directional coupler proposed by Daniel [5] has lower insertion
loss. However the power consumption of the design is still significantly high. And
the optimization of the thermally tuned dual-drive DC is constrained by fabrication
limitations that set minimum distances between metal layers and waveguide layers,
among waveguide layers and safety distances for isolation trenches. It is not very
clear whether or how this device could reduce its power consumption. Besides, the
reported operation bandwidth of the dual-drive DC is around 12 nm, lower than
our proposed design.

Thus, the choice of tunable coupler should depends on specific applications.
For switch fabric and large programmable circuits, the power consumption and
the insertion loss are same important, it is hard to tell whether the tunable coupler
based on MZI is better than the dual-drive DC or not. In optical filter and switch
fabrics, the operational bandwidth is quite important, then our proposed design
definitely is more favorable, besides it could compensate the fabrication variation.

4.8 Comparison between two stage and three stage
tunable coupler design

The performance of the one stage MZI is not tolerant to fabrication variation, in
order to solve this issue, 2 stage MZI [6] and 3 stage MZI [3] has been proposed.
The two stage MZI and three stage MZI is given in Fig. 4.11. In this section, we
will analyze the tolerance to fabrication variation for these three designs by monte
carlo simulation, the simulation result is shown in Fig. 4.12.

4.9 Conclusion

We have demonstrated a tolerant design for a broadband tunable coupler, consist-
ing of a two-stage MZI. The coupler can be controlled in a two-dimensional space
by adjusting the phase delays in both stages of the MZI. The device is tolerant
against variations of the directional couplers, as long as their coupling falls within
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Figure 4.11: (a) is the one stage MZI composed by 2 perfect 3 dB couplers connected with
2 phase shifters. (b) is the two stage MZI design and (c) is the three stage MZI design.
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Figure 4.12: Figure (a), (b) and (c) are deviation simulation result for one stage, two stage
and three stage MZI designs within 100 nm wavelength range for central wavelength
1550nm, the deviation is plotted as the original data. Later Monte-Carlo simulation is

performed to mimic the fabrication variation in the DC. 5% variation of the coupling ratio
is chosen and the 100 times Monte-Carlo simulation is applied. For a certain coupling

value, the maximum deviation calculated by the Monte-Carlo simulation corresponds to
the upper bound and the minimum deviation corresponds to the lower bound, between the
upper bound and lower bound is the fill region indicated as grey color:

the range of 25-75%. In addition, we show that, even when the DCs are highly
wavelength dependent, the coupler can be configured for wavelength-independent
coupling over a wavelength range of 50 nm, and this for all power coupling values
from 0% to 100%. The measurement data on the fabricated devices match well
with the simulation results. The spectrum variation is demonstrated to be within
5% both in simulation and measurement for the 50 nm wavelength range around
1550 nm for different tunable couplers with intentional variations in the direc-
tional couplers. An adaptive tuning algorithm based on the Nelder-Mead method
has been tested in real time measurement for configuring the tunable coupler into a
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broadband coupler. We also compared two stage MZI design with three stage MZI,
the simulation result shows that the three stage MZI design works in a broader
wavelength range.
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Programmable filter with double ring
loaded MZI

Programmable photonic circuits have been well studied in recent years [1], and
there have been several demonstrations to achieve a programmable optical fil-
ter [2]. The reconfigurability is desired in many applications such as optical in-
terleavers, spectral slicers, or filtering and equalization circuits for microwave
photonics [3]. The ability to change its response according to the requirements
would on one hand lower the price of the communication channel, on the other
hand, it would allow the software to correct or adjust itself with feedback , which
is beneficial to the signal performance.

We propose a novel filter circuit that incorporates a double ring resonator with
a balanced Mach-Zehnder interferometer (MZI).The circuit has a response equiv-
alent to a conventional ring loaded MZI filter, but with added flexibility in terms
of configurability. The second-order filter can also be cascaded to realize higher-
order filters. The circuit incorporates a two-stage input and output coupler to fur-
ther reduce the effect of dispersion. A combination of local and global optimiza-
tion strategies to program the filter, using tailored objective functions, have been
tested in simulation and experiments. We further extend the optimization strategy
into experiments and demonstrated its use in practical case for programmable filter
circuits.
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5.1 Technical challenges

There are few technical challenges for making a programmable filter. Currently,
most of the tunable filter has limited tunabilties, such as the higher order CROWs
in [4] only have the phase shifters inside the rings tunable. The increasing freedom
of tunabilities requires more sophisticated monitoring process [2] or optimization
algorithm. The thermal crosstalk and dispersion also degrades the performance of
the filter, which has been mainly solved with optimization algorithm [4] [2], the
thermal crosstalk could also be reduced with the help of under-cut heater or a thin
substrate [2].

5.2 State of the art

Wavelength filters are used to separate two wavelength bands into different output
waveguides. They are basic building blocks for optical systems and have a great
many applications in communication (wavelength division multiplexing), sensing
or spectrometry [5] [6] [7] [1]. When implemented as a waveguide circuit, optical
filters are composed of couplers, delay lines, phase shifters, or ring resonators.
These components are used to manipulate light to have constructive or destructive
interference at certain wavelengths, such that a filter passband is generated. We
can identify two basic classes of filters, i.e. finite impulse response (FIR) filter and
infinite impulse response (IIR) filter. A FIR filter is composed by forward delays
such as MZIs or arrayed waveguide gratings, and these are also called moving
average (MA) filters. The IIR filter is composed by feedback loops such as ring
resonators, and are also called autoregression (AR) filters. A single ring resonator
has its limitations for constructing pass-band filters with a box-like pass band. For
that, more complex filter circuits are needed. Double ring resonators can provide a
box-like passband with a limited bandwidth, and have been widely used in optical
switches. Serially and parallel coupled ring resonator configurations have been
described in detail in [8].We hereby present a filter circuit which incorporates both
MZI and double ring resonators, which has features from both IIR filter and FIR
filter. Such filters, which combine both characteristics, are therefore called auto-
regression/moving average (ARMA) filters. A typical example of such an ARMA
filter is a so-called ring-loaded MZI, i.e. an MZI with a ring resonator in one
or both arms [9], which has been theoretically demonstrated for realizing optical
filters with optimum bandpass designs.

The filter circuit developed during this PhD extends the traditional ring loaded
MZI by using a double (coupled) ring resonator that links the two arms of the
MZI. This circuit has similar functionality as a ring loaded MZI with a single
ring in each arm, but the additional coupling facilitates the configuration and even
allows for some configurations which are hard to achieve in a traditional RLMZI.
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We demonstrated this filter concepts both in simulation and experimentally, and
developed optimization algorithms to configure the response of the filter.

The conventional ring loaded MZI filter was proposed by Madson [9] more
than 20 years ago. This design was theoretically demonstrated its capability to re-
alize high-quality bandpass filters, and can theoretically fit certain exact bandpass
profiles. Even though other types of structures have also been proposed to realize
filters, such as nested ring Mach-Zehnder interferometers [10], re-configurable sil-
icon processors based on resonant self-coupled optical waveguides (SCOW) [11],
response shaping with a silicon ring resonator via double injection [12], and the
cross-ring resonator MZI interleavers [13], none of them has demonstrated their
structure to be able to exactly fit to the proposed bandpass filters of the same order.

Ideally, the tunable filter should be able to tune the bandwidth and central
wavelength at the same time. The common implementation of the tunable filter is
based on either coupled resonator optical waveguide (CROWSs) or the double ring
or four ring loaded MZI. The CROWs are only able to make butterworth filters, and
the structure’s flexibility is limited due to the dependency of the filter’s bandwidth
and out-of-band rejection [4] [14]. The ring loaded MZI, which is demonstrated
to be able to implement butterworth, chebyshev and elliptical filter, is theoretically
proven to be tunable in bandwidth and shape. The recent experimental results of
ARMA filters using a ring-loaded MZI by Sun [15] demonstrated the tunability of
such device, but the high in-band ripple and low roll-off make it hard to evaluate
whether the device is configured to an elliptical filter or not , which is desired for
many applications. The automatic configured ring-loaded MZI by Choo [2] suc-
cessfully demonstrates that their configuration method could be used to configure
the ring-loaded MZI to a elliptical filter with a bandwidth of 3-5 Ghz with a small
tunability range, but it lacks experimental results to demonstrate its performance
as an interleaver or general-purpose optical filter, or its potential as a universal
programmable filter. Besides, such tuning procedure on one hand requires no ex-
pensive lab equipment, on the other hand, the additional ring resonator and PDs
would introduce additional loss to the whole system. The experimental studies of
programmable filter by Pérez [3] also only demonstrated some simple shapes such
as single or coupled ring, and FIR filters such as MZIs with delay lines.

In conclusion, some experimental demonstration for a universal programmable
filter with tunable bandwidth and shape are missing in the past studies. In this
chapter, we not only demonstrate the bandwidth tunability of our proposed ARMA
filter (for both Chebyshev and elliptical filter spectra), but also demonstrate that our
design can be tuned to a perfect elliptical filter both in simulation and experiments
with a maximum 2 dB in-band ripple (which could be further optimized) and an
overall 20 dB extinction ratio (and in few cases even 30 dB extinction ratio) for
only a single-stage filter design. We also showed that our optimization algorithm
helps to tune the parameters of the device accurately into elliptical and Chebyshev
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tunability simulation demonstration | optimization
[4] partially 5th butterworth butterworth local
[14] fully 2th butterworth butterworth local
2] fully butterworth 2th,4th assisted with
chebysheyv, elliptical elliptical additional ring
[16] fully butterworth FIR local
chebysheyv, elliptical butterworth
our design fully butterworth 2th elliptical local
chebysheyv, elliptical chebyshev global

Table 5.1: integrated silicon photonic tunable filter performance summary and comparison

filters and our structure is a potential candidate for a universal programmable filter.

The chapter is structured as follows: In section 5.3, we describe the archi-
tecture of this filter circuit, and the effect of the tunable couplers. Section 5.4
discusses the analytical transfer function and synthesis of the filter, and section
5.5 shows how multiple filters can be cascaded into a higher-order filter. Section
5.6 shows how to transform a filter design to a programmable one. The numerical
optimization algorithms to configure the filter are discussed in section 5.7. The
experimental results on the fabricated chip are presented in section 5.8. For the
fabricated circuit, we extend the filter to use two-stage broadband tunable cou-
plers [17] at the input and output , to improve the dispersion effect of all output
channels. Finally, we discuss the benefits and limitations of our filter circuit in
section 5.9.

The Appendix A contains the full mathematical derivation of the filter re-
sponse, and a detailed comparison with the conventional ring-loaded MZI. We
also present a tolerance analysis.

5.3 Filter Circuit

The optical filter circuit we propose here incorporates a double ring and a Mach-
Zehnder interferometer. The schematic is presented in Fig. 5.1:

In the Appendix A, the z domain pole/zero diagram of the conventional ring
loaded MZI and our design have been analyzed. We used a Latin Hypercube sam-
pling method to explore the pole-zero relationship with the design parameters (the
coupling coefficients and the phase shifts). Both designs can cover the available
space in the z domain, which indicates their capability of exactly realizing optical
filters with optimum band-pass designs.
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Figure 5.1: Schematic drawing of the single ring loaded MZI is shown in (a), schematic
drawing of double ring loaded MZI is shown in (b), schematic drawing of coupled ring
loaded MZI is shown in (c). The main difference between our design given in (c) and the
ring loaded MZI given in (b) is that the two rings are connected with a tunable coupler; it
is obvious that the design in (c) could be configured to a MZI with delay length of twice the
ring circumference, which is not straightforward with the design in (b). The phase shifter
is shown as a pink box, the tunable coupler is shown as a normal directional coupler with
a pink dot in the middle, the single add drop ring is constructed by connecting the input
and output port of the tunable coupler on the same side.

5.4 Filter synthesis of an MZI loaded with serially
coupled double ring

We can describe the transmission of the filter from the input ports to the output
ports using a 2 x 2 transfer matrix. The transfer matrix can be calculated by
multiplying the transfer matrices of each segment in the circuit: the input coupler,
the double ring, and the output coupler. Because we choose to use ring resonators
with a fixed length L., 4, we can apply the transfer matrix method (TMM) in the
z domain, with z = eJ27s7(A)-Lring/A " The complex amplitudes of the input
and output electromagnetic waves in the z domain have the following relationship
between each other:

[E"““} =C; X P, x Dy x Py x Cy % {Eml} (5.1)
Eout2 Ein2

where F;,,1 and E;,,o are the complex amplitudes of the light in the fundamen-
tal waveguide modes at the inputs, 1 and E,,;> represent the same quantities
at the outputs for the presented device. Matrix C; is the coupling matrix of each
directional coupler, Matrix P; is the propagation matrix of a phase delay section
(consisting of two parallel waveguides or phase shifters) and Matrix D; is the prop-
agation matrix of the serially coupled double ring.The final transfer function in 2
notation can be written as the generic transfer function of a second-order filter:

bo+by -2 4+by-272
Hiz— 0o +0b1-2 " +0b2-2

5.2
ap+ay -zl +as-z72 ©:2)
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where a; and b; are a function of the coupling ratios and phase shifts of the
composition elements. In Appendix A, we show that the a; and b; coefficients
for the design in Fig. 5.1(b) are usually complex numbers while for the design
in Fig. 5.1(c) these coefficients are real numbers. This circuit transfer function is
then matched with the expression of a desired second-order filter with coefficients
ay, ay, ...by, using least square fitting, where the error function for complex filer
with a; and b; to be complex numbers is defined as following:

T= (a0~ + (o0 =) o (ap i =’V
(bo b — b)) + (by - b — 1) + (b - b — b5)?)"/2
Likewise, the target function for real filter is:
T = ((0420—(162)2 + ((121 —a’12)2—|—(6122—a'22)2—|— (5 4)

2 2 2
(bo — by*)2 + (b1 — b7 )2 + (by — bp*)2) 1/

The full mathematical description of the fitting method has been provided in
Appendix A. Here, we will just explain how this fitting method works with the
following example. A second-order Chebyshev type II filter is synthesized for
the circuit in Fig. 5.1(c). For a second-order low-pass Chebyshev type II filter
with a stopband of 10 dB of magnitude response ( 20 dB for power response )
and a normalized edge frequencies of 0.5 7 rad/sample , its transfer function is
expressed as following:

1-0.29 2714027272

H, = 55
0.37+0.25 21 +0.37 22 (53)

Now we equate the two transfer functions (A.8) and (5.5) together, and solve
for the phase shifts and coupling values. The target function is given in Eq. 5.16.
The minimization method in the Python package scipy is used to numerically solve
the equations, which results in the following values:

b1 =, ko = 0.925, ko = ks = 0.146, k; = ks = 0.726 (5.6)

We can see that no phase change in the ring is required in order to config-
ure a second order filter. Such filter therefore has a different tuning strategy than
the conventional ring loaded MZI where the phase offset of the two rings deter-
mines the frequency response. For these values, we find that the error function
is zero, meaning we can obtain a perfect fit. The larger the error function, the
worse the circuit performance would be compared to an ideal filter response. In
section 5.7 we will go through more details of how to tailor this error function.
We have tested that the numerically solved equations have an error function of al-
most zero for the tested filters such as elliptical filter, Chebyshev type I and type
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II filters. The solved phase and coupling values were assigned to a circuit model
built with the Caphe circuit simulator by Luceda Photonics [18], the simulation
result from Caphe are compared to the desired Chebyshev filter in Fig. 5.2, and we
can see that the two spectrum responses overlap very well. The proposed circuit

o Filter Frequency Response

-5t
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—20}

=25}

Magnitude (dB)

=30+ ==
- - theory_add_port
-35} — through port
— add port
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4842 1546 1548 1550 1552 1554 1556
wavelength (nm)

Figure 5.2: A comparison between the theoretical and Caphe simulated spectra for the
through and add ports for an ideal Chebyshev type Il filter.

in Fig. 5.1 has the following advantages: first, compared with the cascaded ring
loaded MZI structure [19], all the rings can be in resonance with each other, so ,it
would be more easy to tune the circuit in real-time experiments. Second, for mi-
crowave photonics, the proposed structure can realize more filter implementations,
such as the coupled-resonator optical waveguide (CROW) [8], the side-coupled in-
tegrated spaced sequences of optical resonators (SCISSOR) as well as ring loaded
MZI [19] and etc [13], which makes the presented circuit a good candidate for
a universal microwave programmable filter in a specialized microwave proces-
sor [20]. Finally, the proposed circuit can actually realize some pass band shapes
that are not possible with a conventional ring loaded MZI design, which makes the
proposed circuit more flexible in arbitrary waveform generation. The details are
also discussed in the supplementary materials.

5.5 Cascade for higher order filter

Higher-order filters provide more control over the frequency response with increas-
ing order. The enhancement in roll-off with the higher order filters enables faster
transition between the passband and stopband.
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The roll-off ( measured in dB/decade ) reduces by 20 dB/decade per filter order
increment. Thus, if a second-order filter function has a roll-off of 20 dB/decade,
the fourth-order filter would have a roll-off of 60 dB/decade. This results in a more
ideal amplitude frequency response. On the other hand, higher-order filters are
complex to configure and design, and they are used only when a sharp transition
between the passband and stopband is required.

The order of a high-order filter can be either even or odd. For the synthesis
of an n th even-order filter, n/2 second order filter can be cascaded to achieve
the desired order. In the case for n th order odd filter, one biquadratic sections is
replaced by one first-order section, if the general transfer function of a high order
filter is given by:

H— bz ™ 4 byy_12= D 4 4 bz + by 5.7)
27"+ ap—12_(n—1) t .- t a1z +bo

Where m is the order of enumerator and n is the order of the denominator, the
even n th order filter can be expressed as following:

n/2

b2i272 + b1i271 + bOi
H(z) = H Aoy = 22 tayz +an 21_[1 i) oy

The odd n + 1 th order filter will be expressed as following:

n/2 n/2

b112_1 + bo1 b2iz_2 + bliz_l + bo;
H = I | =H I |Hi 59
() 27l tao o 2724 a1zt + ag 1) =1 = ey

Each first and second order equation can be designed independently and indi-
vidually. The main drawback in this method is the difficulty in tuning the compo-
nent variation without assistance of a feedback loop.

In this section, we will generate a fourth-order filter with the proposed optical
circuit using this cascade technique. The workflow of the synthesis method for a
higher-order filter is presented in Fig. 5.3.

We now show an example for the filter synthesis with a fourth-order elliptical
low-pass filter with normalized edge frequencies of 0.57 rad/sample, 2 dB pass
band ripple and 40 dB attenuation [21]. The transfer function for such a filter is
written as:

g 02318403378 271 4+0.5297 - 272 + 0.3378 - 279 +0.2318 - 2~*
c 1—0.33962~1 4 1.2275 - =2 — 03118273 4 0.2964

(5.10)

H (z) can be decomposed into two second-order filters, H;(z) and Hy(z), such

filter decomposition is done easily in Matlab using the function zp2tf, and the
corresponding transfer functions are:
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Figure 5.3: Workflow for arbitrary shape or higher order filter synthesis

0.3940.0910 - 2= 1 +0.39 - 22
Hi(s) — 5.11
1) = 7 +0.0.0094 - z—1 +0.9023 - 22 .11

0.3+0.3673- 271 +0.3-272

H =
2(2) 1—0.3490 - 2= + 0.0785 - 22

(5.12)

After executing our before mentioned fitting algorithm for each stage, we get
the desired coupling value for the cascaded filter design in Fig. 5.4.

We then generate the corresponding Caphe model for the circuit in Fig. 5.4 and
we can see the corresponding spectrum response in Fig. 5.5. The resulting filter
has around 34 dB extinction ratio as shown in Fig. 5.5, which is slightly lower
than the targeted 40 dB response. The difference between the resulting filter and
the targeted design is because of the loss in the waveguide, which was taken into
account in the Caphe model.

We take a fourth-order Chebyshev type II filter with 30 dB stop band and 0.57
rad/dB as another example. The power response of the Chebysheyv filter will have
a 60 dB extinction ratio. The transfer function of such a filter is given by:
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k2=0.097747 k6 =0.7715
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Figure 5.4: Schematic drawing of the programmable filter and the corresponding coupling
and phase values to realize the designed elliptical filter.
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Figure 5.5: Spectrum response of the elliptical filter generated with corresponding Caphe
model for the circuit in Fig. 5.4

0.0996 + 0.164 - =1 +0.2226 - z=2 + 0.16423 + 0.0996 - z—*
1—0.90552=1 4+ 0.8128 - 2=2 — 0.2016 - 23 + 0.0442 - z—4

(5.13)
Eq. 5.13 can be decomposed to two second-order filters, Hq(z) and Ha(2).
The corresponding second-order transfer functions are:

0.35+0.0553 - 271 +0.35 - 272

H =
12 = 7706362 -1 1 0.5629 22

(5.14)

0.2540.3723 - 271 +0.25 - 272

H =
2(2) = T 3604 21 7 0.0785 22

(5.15)
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Figure 5.6: Schematic of a two stage filter and the corresponding coupling values and
phase response for a fourth-order Chebyshev type Il filter with 30 dB stop band and 0.57
rad/dB.

Then we use least-square fitting to find the corresponding coupling value for
the each subcircuit. Fig. 5.6 is the schematic drawing of a two-stage filter and the
corresponding coupling values and phase response from the least square fitting.
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Figure 5.7: Spectrum response for two-stage filter configured for Chebyshev type Il
response

We then build the Caphe circuit model for the circuit in Fig. 5.6 and we can
see the corresponding spectrum response in Fig. 5.7. This shows that the designed
filter can reach an extinction ratio of around 60 dB, which meets our requirement.

We have demonstrated that our double ring loaded MZI can implement an
elliptical filter and a Chebyshev type II filter with the given filter synthesis and op-
timization method. The circuit is also capable of implementing filter architectures
as shown in [2, 13, 19].

5.6 Programmable filter design

For a programmable filter, we need to be able to adjust the different phases and
coupling ratios in our filter circuit. Instead of passive directional couplers, we can
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use a tunable coupler, as shown in Fig. 5.8(a). In this work, the tunable coupler is
composed of a balanced Mach-Zehnder interferometer, but other types of tunable
coupler designs have also been proposed to compensate for fabrication variation
or dispersion [17] [22].

o1 ®3

Ve
\

N\
_/ \@2/ 4

(a) (b)

Figure 5.8: (a) is the schematic drawing of a tunable coupler, the pink box denotes the
phase shifter, the input and output coupler are 50/50 directional coupler. (b) is the
schematic drawing of a programmable two stage filter. The couplers in Fig. 5.6 have been
replaced by tunable coupler shown in (a).

1d1 rm2ul arm2d1
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Figure 5.9: Schematic drawing of the implementation of a two-stage programmable filter
based on the coupled ring-loaded MZI.

The phases ¢; or ¢ are used to adjust the power coupling. This also introduces
a phase shift (¢1 + ¢2)/2 at the outputs. So in order to maintain the same phase
response as a static directional coupler, we need to use ¢3 and ¢, to compensate
this additional phase change induced by ¢, and/or ¢. This need for compensation
complicates the control of the entire circuit somewhat. If we set the phase shifter
of the upper arm of the MZI to be ¢y = z, and lower arm of the phase shifter to
be zero, in order to induce no phase change compared to a passive coupler, then,
¢3 and ¢4 should have the following value, ¢35 = ¢4 = 2mm — x/2, with m an
integer number. For phase shifters that can induce both a positive and negative
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dc:phase Phase wg:phase Arm:phase

del: ¢y | ¢1=0.52757 | wgl:¢y 0 Armlul:¢, -$1/2
dc2: ¢o | ¢ =0.54027 | wg2:ds (2 +93)2 | Armlu2:po -¢1/2
dc3: ¢3 | ¢3=0.2797 wg3:p3 0 Armlu2:¢y | -¢o/2+ 7
ded: ¢4 s =2 wegdipy | (P4 + ¢3)/2 | Arm1d2:¢, -¢4/2
dcs: ¢5 o5 =0.571 wgS:ps 0 Arm2ul:¢s -¢5/2
dc6: ¢g ¢ = 0.26m wgb:dg | (6 + P7)2 | Arm2u2:¢pg -¢5/2
dc7: ¢7 o7 =0.27971 wgT:p7 0 Arm2d1l:¢7 | -¢6/2+ 7
de8: s | ¢pg=0.27557 | wg8:pg | -(¢g + d7)/2 | Arm2d2:¢g s /2
dc9: g9 b9 = 5

Table 5.2: Parameters For Fig. 5.9

phase shift, m is preferably zero, but for phase shifters that can only operate in a
single direction, such as heater-based phase shifters, m = 1.

We replaced all the couplers in Fig. 5.6 with the tunable coupler in Fig. 5.8(a),
and built a circuit model for the two-stage filter in Fig. 5.9(b). We then translated
the desired coupling in Fig. 5.6(b) to the corresponding phase values in Fig. 5.9(a),
including the compensation phases. These parameters of phases are shown in Table
5.2. The spectrum response simulated with the Caphe model of Fig. 5.9(a) is then
shown in Fig. 5.10.
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Figure 5.10: Simulation result for the Butterworth filter using the two-stage design with
the corresponding caphe model

5.7 Optimization algorithm

There are still several challenges related to our synthesis and optimization pro-
cedure. As a starting point, the coupling coefficients corresponding to elliptical
filters have been calculated for the lossless case. However, if we want to include
the actual waveguide and coupler losses in our model, we could either insert a
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loss factor in our analytical derivation, or we could solve the problem by treating
the loss as a perturbation in our optimization algorithm. When we take the actual
behaviour of the components into account, the spectral dispersion induced by the
wavelength dependence of the couplers, fabrication variations, and thermal and
electronic cross talk, could all be compensated when the optimization algorithm is
applied [23] [24].

The quality of the optimization depends on the target function, and which fea-
tures of the filter transmission spectrum are the most relevant. We define the target
function as follows: The error (difference) between the optimization result and the
desired filter response is denoted as x;;,, and the difference on a dB scale is de-
noted as z4p. The first emphasises deviations in the pass band, while the second
emphasises the rejection band. The target function is a weighted combination of
both:

T = wy - Tyjn + W2 - Tap (5.16)

As wavelength filters are phase-sensitive interference-based circuits, we expect
that the optimization space has many local optima. It is therefore useful to look
into various classes of optimization algorithms that could be helpful for our prob-
lem. In this section we focus on two kinds of algorithms, and we show that these
algorithms are sufficiently robust to solve our problem in simulation and eventu-
ally can be incorporated to optimize and tune the experimental filter circuits in in
real time.

5.7.1 Local optimization: Nelder-Mead and Powell

Nelder-Mead [25] and Powell [26] are two free-derivative optimization methods.
Both methods work well for local optimization starting from a good initial esti-
mate. The Nelder-Mead is slow and has a convergence order of 1, which means
that large termination errors may occur due to limited iteration steps. It has been
tested that the Powell method converges much faster than Nelder-Mead method in
our experiments. The Nelder-Mead is often used when the number of optimizable
parameters is very large.

Case one: The elliptical filter design in Fig. 5.4 has an extinction ratio of
around 34 dB. We could use the Nelder-Mead method to further optimize the
spectral response. In this optimization problem, the target function is defined as
the error between the spectrum response of the Caphe model on a dB scale and
the 40 dB elliptical filter response. The circuit simulation in Caphe [18] of initial
34 dB extinction ratio is optimized to the desired 40 dB elliptical filter response
and the result is shown in in Fig. 5.11.

Case two: This second example illustrates more clearly how to define the
target function. This time, we start from the 40 dB elliptical filter with 2 dB in-
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Figure 5.11: Spectrum response of an optimized elliptical filter targeting 40 dB extinction
ratio.

band ripple and try to optimize it further to a 60 dB filter with 1 dB in-band ripple.
We use multiple optimization steps this time. In the first optimization step, the
target function is the error between the 60 dB elliptical function with 1 dB in-band
ripple and our original circuit response ( the 38 dB elliptical filter with 2 dB in-
band ripple ). After optimization, we clearly see that the optimized result now has
a extinction ratio of 60 dB, but the in-band ripple is larger than expected. In the
next optimization steps, we focus on reducing the in-band ripple by assigning a
larger weight w; to z;. The final optimization result is shown in Fig. 5.12.

5.7.2 Global optimization: Basin hopping

As an alternative optimization method, we utilized a global optimization algorithm
- Basin hopping [27]. Basin hopping is a two-phase method that combines a global
stepping algorithm with local minimization. We still use the Nelder-Mead method
for the local minimization phase. The number of basin-hopping iterations is set
according to the difficulty of the problem.

In our experiment of starting from a random position and optimizing it to an
elliptical filter, 10 basin-hopping iterations and 100 Nelder-Mead evaluations for
each local optimization is used. If we already have a good guess about the coupling
values for the filter design (for example, we set k3 = 1,k2 = k4 and k6 = k8
for the elliptical filter design in Fig. 5.4,) the optimization went very smoothly.
However, if we do not have any constraint on the initial coupling values for the
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Figure 5.13: Spectrum response of the optimized elliptical filter pass band with
Basin-hopping optimization. A 60 dB elliptical filter is the targeted filter response, and the
optimization starts from a random position. The final optimized result overlaps very well
with the targeted filter response.

design in Fig. 5.4, we need more optimization steps and even need to adjust the
target function to get the best optimization result. One typical target function in

our experiments is defined as 7" = 1.z; + 100.22. The final optimized result is
shown in Fig. 5.13.:
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5.7.3 Packaging of the chip

The packaging of the chip is done in house. The PCB was designed by the lab
technician Jasper Jans, then the chip is wire bonded in clean room by technician
Steven. After wire-bonding, we shall be able to use current source 64 channel
DAC or voltage source Chasis to control the heaters.

Ideally the designs is measured with fiber array since both cross and bar ports
could be measured sequentially with the help of a switch. We could either glue the
fiber array to the chip using the Hexapod setup or directly measure the chip with
Hexapod setup.

Once the packaging of the chip is done, then we could automate the whole
measurement procedure and remotely control our measurement.

5.8 Experimental result

In this section, the experimental results for the programmable filter are presented.
The silicon photonics chip is fabricated using IMEC’s iSiPP50G platform. The
mask layout and the corresponding microscopic image are shown in Fig. 5.14.
The MZI is loaded with two sets of double ring design with the input and output
tunable coupler designed as a two-stage cascaded MZI, as such a design has been
proven to have more broadband response [17]. We expect that this will help us
to improve the uniformity of the extinction ratio for different channels since the
dispersion of the filter response is mainly caused by the dispersion of the tunable
coupler.

The measurement setup is shown in Fig. 5.15. The measurement process con-
tains the following steps: 1. the target analog or digital filter is chosen, for example
a second-order low-pass Chebyshev type II filter with a stopband of 10 dB of mag-
nitude response ( 20 dB for power response ) and a normalized edge frequencies
of 0.5 m rad/sample is chosen as the target filter. Then the filter synthesis proce-
dure is implemented in order to calculate the phase responses of the phase shifters
for our filter design. 2. We then map the phase responses of the phase shifters
to the voltage or current that we want to apply. This step is called calibration of
the phase shifter. Normally we have a asymmetrical MZI as our test design for
the calibration. 3. If the thermal crosstalk or electrical crosstalk is insignificant,
then the initial spectrum response is similar to the targeted filter response. How-
ever, the electric crosstalk is high in our digital-to-analog converters (DAC), thus
the initial result is severely disturbed compared to the ideal response, however the
initial voltage values are still a good starting point for our optimization process.
4. The optimization algorithm is chosen, the voltage of the heaters are set as the
parameters for optimization, the target function defined as the difference between
the target filter response and the measured response is being minimized in this
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Design for SOA

post-processing
Double MZI design for

input andtoutput Double ring design

Figure 5.14: The upper figure is the mask layout of the fabricated chip. The basic design is
a MZI loaded with two sets of double rings, where the input and output coupler for the
MZI are a double-stage balanced MZI [17]. This design also incorporates a placeholder
for later semiconductor optical amplifier(SOA) post-processing using transfer
printing [28]. Without SOA, the placeholder introduces additional insertion losses.,
Monitor photodiodes are connected to the inside of the ring resonators and in the arms of
the MZIs. The lower image is a microscopic image of the chip, the chip is wire-bonded to a
PCB board for electronic control.

process.

The experimental result is obtained first by assigning the phase shifters with the
calculated phase values (see the supplementary material for the programmable fil-
ter design), however the crosstalk of different electronic channels of the digital-to-
analog convector and thermal crosstalk of the phase shifters degrades the spectrum
responses severely compared to the original prediction. Therefore the optimization
algorithm is needed to finetune the device. The Powell method is chosen for this
step since it converges faster than the Nelder-Mead Method in experimental set-
tings.

Fig. 5.16 shows that the measured transmission matches well with the targeted
simulation curve, the extinction ratio of 20 dB is achieved by all the filter types,
some even have an extinction ratio of 30 dB. The spectrum response in a larger
wavelength range is also measured in Fig. 5.17 , and we see (as expected) that the
dispersion of the building blocks starts to have a strong effect on the extinction
ratio. Fig. 5.17(a) is filter response in a small wavelength range, while Fig. 5.17
(b) is the same filter response measured over a larger wavelength range, among the
measured 5 channels, only 2 channels have an extinction ratio over 30 dB, however
all the channels have an extinction ratio over 20 dB. Fig. 5.17 (c) and (d) show the
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Figure 5.15: The measurement setup is composed of a tunable laser as input light source,
a power meter to measure the spectrum response for the drop and through port and a 64
channel current source to control the heaters. All these measurement instruments are
controlled by the computer, and the optimization algorithm takes the real-time measured
power values as input and controls the current source.

filter response over 10 channels, where the dispersion effect is even more obvious.

5.9 Tolerance analysis

In experiments, the dispersion of the building blocks, as well as the fabrication
variation and thermal cross-talk need to be considered, as they move the filter away
from its nominal operating point and complicate the configuration and control.
Fig. 5.18 is a Monte-Carlo simulation performed for two filter designs in Fig. 5.6
for a given filter response, and it is hard to tell which filter is better in terms of
fabrication variation. It is certain, however, that the phase shifters inside the ring
contribute the most significantly to the deformation of the spectrum response.

Discussion

In this manuscript, we propose a novel architecture of a programmable ring loaded
MZI filter to implement a programmable filter. The FSR of the measured fil-
ter is 0.785nm, and it is designed for 100 GHz channel spacing. Such filter has
the potential to be used as optical interleaver.With the accompanying optimization
strategy we have shown that we can configure different ARMA filter transmission
spectra. We did this by only tuning the coupling coefficients of the tunable cou-
plers in the filter, without tuning the phase shifters.The tuning strategy proposed
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Figure 5.16: Experimental transmission spectra of the double ring-loaded MZI filter. Each
plot shows the target design (with the a; and b; coefficients listed below the plot). The
experimental results are obtained by optimizing the spectral response from the chip outputs
by driving the on-chip actuators in real time. From the measurement we can see, the
experimental results matches the simulation quite well, and the overall extinction ratio
exceeds 20 dB for all designs.

by Gihoon [2] for the conventional ring-loaded MZI is enabled by one additional
ring with photodiode and by characterizing each individual tunable coupler. Such
an algorithm would work if the thermal and electric crosstalk between heaters is
sufficiently small. However, due to the large thermal and electric crosstalk in our
system, the initial calibration did not yield a good performance. Thus another
optimization step for multiple heaters together is necessary.

In our design, the photodiode inside the ring could be used to actually calibrate
the coupler values and also to align the two rings. It can be used in the coarse
tuning step, and then the optimization algorithm could be applied in a second step
for fine tuning. One important factor why such tuning algorithm would work in
our filter is because of the design itself - the rings are initially zero-phase and in
phase with each other ( see supplementary material ), and drift during operation
could therefore be easily calibrated with the help of an integrated photo-diode.
The optimization algorithm thus only deals with the coupler values, which made
the whole tuning process much faster. The temperature change of the phase shifters
over time can also be compensated with the photodiodes once the initial calibration
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Figure 5.17: Effect of dispersion effect for different filter configurations. (a) is a re-plot of
Fig. 5.16(D), the wavelength range is from 1550.6 nm to 1552.0 nm. (b) is the same filter
measured in a larger wavelength range of 1549 nm to 1554 nm. (c) and (d) are two
examples with more than 10 channels in 10 nm wavelength range. The dispersion effect
has a strong impact on the extinction ratio between different channels.

has been performed. The drawback of including monitor diodes in the filter circuit
is that these induce losses. Especially when monitor diodes are introduced in the
rings, this limits the quality factor, and therefore the promixity of the poles to
unit circle in the 2z plane. Indeed, in our circuit the losses are mainly induced by
the monitors, the monitors tap off 1% of the light in the waveguide. Some losses
of the filter could be compensated by integrating amplifiers inside or outside the
filter (which was foreseen in the design, as shown in Fig. 5.14(a). Configuration
difficulties due to thermal crosstalk could be reduced by using heaters with better
insulation [29], or use a non-dissipative tuning mechanism such as MEMS [30].

In our experiment, we still see that the default cross state for the second set of
two coupled ring (three couplers of the second set of double ring structures) does
not impact the performance of the first set of coupled rings. Besides tuning the
device with the real time optimization strategy, an alternative way of using such
a filter circuit would be to build a look-up table for the filter, and once the filter
is calibrated for a certain performance, the tuning parameters would be recorded.
Such optimization works well even without monitors.
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Figure 5.18: Monte-Carlo simulation for two filter configurations in Fig. 5.6, (a) and (c)
are for the classical ring-loaded MZI design, (b) and (d) are for the coupled ring-loaded
MZI design. For (a) and (b), 5% parameter variation is applied to all the parameters
except for the phases in the rings. For (¢) and (d), all the parameters including the ring
phase shifters) have a 5% variation in the Monte-Carlo simulation.

The estimated Q factor of a single ring is 18184, the full calculation of it is in
Appendix A. The main loss in our system is from the loss of the waveguide and
the doped heater. If we change the platform to Si/N platform, we could further
improve the Q factor of our system, however at the cost of much more tuning
power and potentially much worse thermal crosstalk.

The power consumption of the filter depends on the number of heaters used in
the system. For a single stage of a coupled ring-loaded MZI we require 10 phase
shifters, and we’re not using the other actuators in the circuit in Fig. 5.14. For
full tunability, we can assume that each phase shifter’s average shift is 7, with an
averaged power consumption of 20 mW . Thus, the total power consumption in
our current system is around 200 mW. We are considering to replace the doped
heater with undercut heater in our future design, the power consumption of the
undercut heater is around 1.5 mW/r reported in literature [29].
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5.10 Application of the proposed filter

The application of such kinds of bandpass filters as interleaver would improve the
signal to noise ratio and give a better eye-diagram in a communication link.

5.10.1 Optical interleaver

The operation principle of a interleaver is given in Fig. 5.19. It is a 3-port passive
device that is used to combine two sets of dense wavelength-division multiplexing
(DWDM) channels into a composite signal stream in an interleaving way. The
device can also be used as an optical deinterleaver when operating in a reverse
direction. Normally the interleaver is a half band filter, which means that the
bandwidth of the stop band and pass band are equal to each other as it shown in
Fig. 5.19.

1 021 102 1 121 1

Bar ‘ J l il ‘ l
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Part Port
wavelength wavelength
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Figure 5.19: (a) shows the working principle of a interleaver design, it could used to
separate the odd and even channels or it could used to add or drop signals in the bar and
cross port. (b) is the a typical half band interleaver, the extinction ratio for the both bar
and cross ports is 40 dB, which is also the crosstalk level for the interleaver.

There are certain specs needed to be fulfilled when using the design as an
optical interleaver. It should be operated in C/O or C+O band, the extinction ratio
for the drop and add ports should be larger than 10 dB at least.

We have demonstrated that our filter design is a good candidate as an optical
interleaver for the C band, we also demonstrated that our design could be also used
as a tunable interleaver with tunable bandwidth. The schematic of our design and
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the GDS of it is shown in Fig. 5.20.

.!mm

Figure 5.20: (a) is the schematic drawing of our interleaver, the fiber array enables the
measurement of the add port and drop port sequentially by a switch, the optimization
algorithm could also be applied to measurement of both ports at the same time in order to
make sure the crosstalk is low for both ports.(b) is the GDS layout for such design.

The packaging of the chip is similar as before, we wire bond the chip and use
the 64 channel DAC to control the heaters. This time the fiber array is glued to the
chip and we are using switch to sequentially measure the cross and bar ports.The
optimization algorithm is also used in this measurement, the target function is
defined as sum of the error of the drop port and add port. In this way, we are
co-optimizing the cross port and bar port at the same time.

Below is a detailed description of the measurement procedure. In order to
perform the optimization, the target function needs to be defined accurately. We
use the CMA algorithm to fit the FSR and phase of the target function to that
of the measurement result first, then we use the fitted target function in our next
optimization step. The error function is defined to be the sum of the error in the
add port and drop port in dB scale. In other words, we are optimizing the add port
and drop port at the same time.

The optimization result for the experimental measurement is shown in Fig. 5.21.
The desired interleaver should work in C band (1530 nm-1565 nm), however the
measurement result is centered at 1530 nm. The reason for it is that the directional
coupler we use was designed for an older IMEC process, thus the center frequency
of the directional coupler is shifted in the new IMEC process.

We also see that the measurement result suffers from severe dispersion, thus,
replacing the directional coupler with broadband device such as an MMI or broad-
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band directional coupler would solve this problem.

Some other interleaver designs based on ring loaded to a unbalanced MZI have
also been proposed, The ring loaded to a unbalanced MZI has been widely used as
optical interleaver [31]. The coupled ring loaded to a unbalanced MZI might help
to improve the extinction ratio of the interleaver response.
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Figure 5.21: Optimization result in 40 nm wavelength range

1550

We also demonstrated that the bandwidth of the interleaver is tunable by show-
ing an experimental result of an interleaver in Fig. 5.22.The bandwidth of the in-
terleaver is changed, so is the operation wavelength and crosstalk level.
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Figure 5.22: A spectrum response with 20 nm wavelength range for the optical
interleaver. The extinction ratio exceeds 15 dB in both add and drop ports.

5.11 Conclusion

In this chapter, we have proposed a ring-resonator based circuit to realize a con-
figurable second-order autoregressive—moving-average (ARMA) filter. We have



5-26 CHAPTER 5

shown that such circuit can be cascaded to realize higher-order filters. We also
demonstrated optimization of the tuning coefficients both in simulation and in ex-
periments.
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Conclusions

In this chapter, some past projects from the beginning of my PhD are discussed.
Some directions to continue the research work have also been discussed in this
chapter.

6.1 Generalized programmable filters

The generalized programmable filters are normally made with mesh circuits, there
are in total 3 mesh circuits, triangular mesh, rectangular mesh and hexagonal mesh.
The demonstration of triangular and rectangular mesh was implemented by . Prof.
Vien Van did some work on the filter made with 2-D coupled rings, he developed
the filter synthesis algorithm with 2D coupled ring resonator structure based on the
book “optical mirroring resonators, theory, techniques, and applications”. The 2D
coupled ring filter could be realized with our Hexagonal mesh circuit as is shown
in Fig. 6.1.

I have reproduced the filter synthesis algorithm, I have also implemented filter
synthesis algorithm for cascaded ring loaded MZI structure. The filter configura-
tion obtained by the synthesis algorithm could apply to our proposed filter design
given in Chapter 5.

The experimental demonstration of hexagonal mesh was implemented by Perez
at first. The mesh circuit showed its capability to be configured as feed-forward
circuits, FIR filter, butterworth and chebyshev filters. The FSR of the ring res-
onator implemented by mesh circuits is relatively small compared to standard ring
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S -

Figure 6.1: The left figure is the 7 cell hexagonal mesh circuit, the right figure is the 2D
coupled ring filter. The left 7 cell hexagonal mesh circuit could be configured to the 2D
coupled ring filter as shown in left figure

resonator.

In order to solve this issue, we have proposed to combine venier ring de-
sign and the rectangular mesh circuit. The advanced circuits are based on square
meshes of coupled rings but using different ring lengths to increase the FSR.

Schematic of the venier ring assisted rectangular mesh circuit is shown below:

6.2 Summary

The main goal of this work was to investigate a programmable component - pro-
grammable filter design. In the meantime, we are also interested in the improve-
ment for the basic component -tunable coupler.

This dissertation gave an overview into the novel programmable filter and its
configuration and optimization strategies. The design methodology , optimization
algorithm could also extended to the general purpose programmable mesh circuit.
During this work,

We started off with the most basic component design - broadband coupler.
Such design is widely used in the programmable circuit. We later proposed a
tolerant , broadband tunable coupler circuit design. Such design is not only tolerant
to fabrication variation, it also has a broadband spectrum response.

We then proposed a novel optical filter design. We have proved that the filter
could be used to synthesis all kinds of filter, including butter-worth filter, elliptical
filter, chebyshev type I and type II filter. We also show that the filter design could
be cascaded to realize higher order filters.

In reality, the loss of the waveguide, thermal crosstalk, electrical crosstalk will
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degrade the performance of the filter. On one hand, we could use monitor in the
rings and MZIs to monitor the response of the phase shifter. The feedback circuit
is needed to lock the response of the phase shifter. This method would work only
if the thermal and electrical crosstalk is small, thus the tuning of a single phase
shifter would not impact the response of another phase shifter. On the other hand,
we could directly optimize the spectral response of the output port. Although the
real-time optimization is bit time-consuming, we could build up the look-up table
to facilitate the configuration later.

The local optimization algorithm Powell and Nelder Mead works both in simu-
lation and experiments, it helps change the extinction ratio of the filter performance
, it also works well in finding the optimized filter response starting from a good
initial guess.

The global optimization algorithm Basin Hopping also shows excellent perfor-
mance in simulation with a random starting point.

Finally we verified the simulation results with real experimental data.
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Appendix A

A.1 Filter synthesis of an MZI loaded with serially
coupled double ring

The transmission of the filter from the input ports to the output ports can be calcu-
lated by the following transfer matrix multiplication in the z domain. Because we
choose to use ring resonators with a fixed length L., 4, we can apply the transfer
matrix method (TMM) in the z domain, with z = e727ess(A)-Lring/A,

The complex amplitude of the input and output electromagnetic waves in the z
domain have the following relationship between each other:

Eoutl = Cl X P1 X DO X P() X Co X Einl (Al)
Eout2 EinQ
The coupling matrix, C;, is given by:
c = |V1-F —ivEi (A2)
N

where k; is the power cross-coupling coefficient, and 1 — k; is the straight-
through coefficient for the directional coupler (assuming lossless operation). The
propagation matrix P; of each phase delay section is given by:

67j¢i 0
P = { 0 1} ; (A.3)



A-2 APPENDIX A

where we assume no loss, and equal length for waveguide propagation, so the
common propagation terms can be ignored.
The propagation matrix D; of serially coupled double ring section is given by:

1 X, —j.e li(datds) L g L G, Ss/z

ETS | —j e ti@atds) . GGy Gg )z X, ’
(A4)

where § is written as:

§=1—e2.0,.Cy/z—e 2% .Cy.C3/2+

e—2j'(¢2+¢3) -Cy - Cly - (1 _ 022)/22 + e—2j‘(¢2+¢3) O - 022 . 03/22
(A.5)
And X, and X5 are written as:

Xl = (Cl . 22 + (_02 . 6—2_7'4)2 _ Cl . 02 . 03 . e—2j'¢3) -2+ 03 . e—2j'¢2—2j~¢3_
C2.Cy-e 200272093 4 C2.C2. 0y 20 P72 054

022 - Cy - e~ 202 o259 _ 012 . 022 Ol - e 2092 672]"(;53)/22
(A.6)

Xy = (03 2 (702 Lo 20 s _ Cy-Cy-Cs- 672j'¢2) 24Oy o~ 20 2—2j-b3 _
C2.Cy. e 20 %7205 4 02.C2. 0y e 29272005y

C2.Cy-e %2 .72 _ 2. C§ Oy e 2 )2
(A7)
The final transfer function in the 2z notation can be written as the generic trans-
fer function of a second-order filter:

b0+b1'2_1+b2'2’_2
aptar -zl +ag-z72

Hyz = (A.8)

where a; and b; are a function of the coupling coefficients and phase shifts.
The coefficients of the transfer function in Eq. A.8 are given by:

by = Coclc4elj¢1+6j¢z+6j¢3 + 035054643’%4-4]'453 (A.9)

by = CpSoSac2i®? - 21(#2+82) _ 0 0L Celi®n 4 (2398 4 (2(62+03) |
010203505462j¢3e2j¢2+2jd>3 _ 000102030461j¢1 219225 (¢2+¢3) 4

CoSy 525354€2j(¢2+¢3)elj(¢z+¢s) + 045051525362j(¢2+¢3)elj(¢1+¢z+¢s)
(A.10)
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by = C1C28,5,e%(#2483) _ (0 6,6,e27(92193) _ (0 028,52 (P2 +¢3) 4
00022030461j¢1 e2i(b2t¢3) 4 COCSC4€1J'¢1 2 (b2t¢3)
00012022030461j¢1 e2j(¢2+¢3)_

01030325054623'(0524-%) _
C1C2C32505,e2/(92+0s) 4

0003030461j¢162j(¢2+¢3) _

00012022030461j¢1€2j(¢2+¢3)
(A.11)
ap = elid1 o2 (¢2+d3) 27 (d2+d3 (A.12)
a; = _010261j¢162j¢362j(¢2+¢3) _ 020361j¢162j¢262j(¢2+¢3) (A.13)
(A.14)

as = 010361j¢1 23 (¢2+63)

A.2 Comparison with double ring loaded MZI with-
out coupling between the rings

Phase shifter Single Ring Ring loaded MZI

—_
Tunable coupler /w_\v()
>-d\_/—\4 i
k

/ - /
1 o1
k3=05 _&J @ ka
/n

1
=\ O
_ A/
(b)
Figure A.1: Schematic drawing of the classical ring loaded MZI is shown in (a); the
schematic drawing of coupled ring loaded MZI is shown in (b). The main difference
between our design given in (b) and the classical double ring loaded MZI given in (a) is
that the two rings are connected with a tunable coupler. It is obvious that the design in (b)
could be configured to an MZI with delay length of twice the ring circumference, which is
not possible with the design in (a). The phase shifters are shown as a pink box, and the
tunable coupler is shown as a normal DC with a pink dot in the middle, the single add
drop ring is constructed by connecting the input and output port of the tunable coupler on
the same side. The input and output tunable coupler of the design in (b) is realized by a
broadband balanced MZI [1] on the actual chip.

!

di

(a)
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In this section, we will compare the pole-zero diagram of the classical ring
loaded MZI and of our design. We demonstrate that with the same loss character-
istics of the couplers, both design could cover the same area of the unit circle in the
z-plane, and thus both have the potential to exactly realize second-order bandpass
filter.

The ring loaded MZI in Fig. A.1(a) is a complex filter where its a; and b; coef-
ficients are complex numbers, however the coupled ring loaded MZI in Fig. A.1(b)
can be configured both as a real filter and as a complex filter.

In the following, we would configure our tunable filter design into the dou-
ble ring loaded MZI as shown in Fig. A.1(b) and ring loaded MZI as shown in
Fig. A.1(a) separately.

The coupled ring loaded MZI in Fig. A.1(b) has 6 free parameters, which are
ko, k1, ko, k3, k4 and ¢71. In simulation we directly modify k;, but in the ex-
periment the coupling factors k; are realized using a balanced MZI with a phase
shifter in each arm, and thus the tuning parameter becomes another phase shift.
The coupled ring loaded MZI in Fig. A.1(b) can be configured to be a real filter
where its coefficients are real numbers. In order to force the coefficients to be real,
the phase shifters inside the rings need to be set to either zero (configuration I)
or 7 (configuration II). These two situations are equivalent with each other in the
spectrum response, we will discuss these two situations in Fig. A.2.

The ring loaded MZI in Fig. A.1(a) can also be a real filter, but then its con-
figurability is limited. To implement a generic second-order bandpass filter, it
needs to be configured as a complex filter where its a; and b; coefficients are
complex numbers. The classical ring loaded MZI has 5 free parameters in simu-
lation, which are k1, k2, ¢1, ¢2, ¢3, where the input and output couplers are set
to kg = ks = 0.5.This architecture is proposed for realizing a bandpass filter with
two all-pass filters in [2]. For most cases, a symmetric spectral response is desired,
which requires k1 = ko and ¢1 = —¢s.

The filter synthesis equations have been accordingly rewritten for the ring
loaded MZI in Fig. A.1(a), the equations (A.4) - (A.14) for the ring loaded MZI
could be rewritten by setting the coupling k2 to 0, thus Cy = 0 and Sy = 1.
Then we compare the two types of filter in simulation. We will illustrate the pro-
grammability space of the two filter types using the Latin Hypercube sampling
(LHS) method. LHS is a statistical method for generating a near-random sample
of parameter values from a multidimensional distribution. In our following anal-
ysis, we use this method to explore the relationship between the parameter space
and the distribution of the filter’s poles and zeros in the z-plane.

For both cases, 500 sampling points are used. We plot the pole-zero map of
both structures in Fig. A.2. From Fig. A.2, we can see that the poles of Fig. A.1(a)
are homogeneously distributed in the z-plane. The poles within the same pair are
not necessarily symmetrically positioned with respect to the Real (z) axis. The
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zeros are mostly located in the unit circle. The poles for configuration I (¢; = 0)
of Fig. A.1(b) are homogeneously distributed in the right half-plane of the unit
circle, while the zeros are scattered homogeneously, also in the right half of the
z-plane. The poles of configuration II (¢; = 7) of Fig. A.1(b) are homogeneously
distributed in the left half-plane of the unit circle, the zeros are scattered homoge-
neously also in the left-half of the z plane.

These two designs (coupled ring-loaded MZI and ring-loaded MZI ) show full
configurability. In the following, we would show how to get the desired coupling
values for a certain filter with both complex and real filter coefficients. We will
use three examples to show that these two designs are equivalent with each other,
however one may perform better than the other in certain cases.

Pole Zero Map o ___Pole Zero Map o Pole Zero Map
K1 5 : 51
01=0 a 1=/ = oy =
15 ko K2 ka, 15 K0 2 K15 P, k=05 @2 K3=05

Ca "l 3 3
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Figure A.2: Pole and zero distribution in the z-plane for a Latin Hypercube sampling of
the tuning coefficients of both types of filters. The zeros of Fig. A.1(b) configuration I
(91 = 0) are plotted in (a), the poles of Fig. A.1(b) configuration I are plotted in (e).The
zeros of Fig. A.1(b) configuration Il (¢p1 = m) are plotted in (b), the poles of Fig. A.1(b)
configuration Il are plotted in (e).The zeros of Fig. A.1(a) are plotted in (c), the poles of
Fig. A.1(a) are plotted in (f).

The following target function is used for optimizing a complex filter:

sumay = ((ag - af — a62)2 + (a1 -aj — a’12)2 + (az- a3 — a'22)2—|—

(A.15)
(bo - b — by*)2 + (by - by — B, 2)2 + (by - b — b)) /2
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Likewise, the target function for real filter is:

2 2 2

2 2 2
sumeay = ((do — af”)? + (a1 —a}”)? + (ag —ab”)*+

(A.16)
2 12\2 2 12\2 2 12\2\1/2
(bo—bp")" + (b1 —b17)" + (b2 — b57)7)
Let’s build a first example filter with a second-order elliptical low-pass filter
with 1 dB in-band ripple, 20 dB extinction ratio and the normalized edge frequen-

cies of 0.1 7 rad/sample. The a; and b; coefficients for such filter can be calculated
with Matlab:

by = [0.1055, —0.1245,0.1055]a; = [1.0000, —1.6293,0.7264]  (A.17)

ellip(2,1,20,0.1,’low’) b1=[1.055,-0.1245,0.1055]
al=[1,-1.6293,0.7264]
our design ring loaded MZI
ko = kq = 0.438,k1 = k3 = 0.2736 | ko = k3 = 0.5, k1 = ko = 0.2736
ko = 0.0869, phi; =0 phi; = —0.0790pi
phis = —phig = 0.4525pi
b =1[(0.1055,—0.1245,0.1013)] b =[(—0.0131 + 0.1047y)

(—0.0153 — 0.12345),
(—0.0131 — 0.1047)]
a=[1,—-1.6302,0.7192] a = [(0.9694 — 0.2456)
(1.5794 — 0.40015),
(0.7042 — 0.17845)]

Table A.1: Parameters For Fig. A.3

ellip(2,1,20,0.1,’Iow’) | b1=[1.055,-0.1245,0.1055],a1=[1,-1.6293,0.7264]

solution 1 ko = ks = 0.438, k1 = k3 = 0.2736
]412 = 0.0869,phi1 =0

solution 2 ko = 0.9847, k1 = k3 = 0.2736, k2 = 0.0864

k‘4 = 0,phi1 =0

solution 3 ko = 0.6625, k1 = ks = 0.2736, ko = 0.0869
k4 = 0.2263,phi1 =0

solution 4 ko = 0.6625, k1 = k3 = 0.2736, ko = 0.0869
k4 = 0.2263,phi1 =0

Table A.2: 4 solutions for Fig. A.3(b)

We will now compare the filter responses of configuration I of Fig. A.1(b) and
complex filter in Fig. A.1(a). After we apply the synthesis algorithm as described
before, the pole-zero plot and the spectrum response are shown in Fig. A.3 for
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Figure A.3: The first example filter has been synthesized using both the classical and the

coupled ring-loaded MZI. (a) and (c) are the pole-zero diagram of the synthesized filter,

(b) and (d) are the spectrum responses of the synthesized filter compared to the targeted

curve. (a) and (b) correspond to the coupled ring-loaded MZI of Fig. A.1(b), and (c) and
(d) corresponds to the classical ring-loaded MZI of Fig. A.1(a).

both filter configurations.The fitting curve is the synthesized result and the targeted
curve is the ideal elliptical filter response we would like to achieve.

The corresponding parameters for Fig. A.3 are given in Table A.1.According
to our experiments, we found out that for normal filters such as elliptical filter, the
structure is actually symmetrical, thus, certain constrains could be applied for the
two designs when we try to solve for the couplings and phases. For our design
shown in Fig. A.1(a), the constrains are kg = k4, ki = ksandphi; = 0. For the
ring loaded MZI, the constrains are kg = ks = 0.5, k1 = ksandphiy = —phis.
There are more solutions for our design when a given elliptical filter is synthesized,
four solutions for the same elliptical filter in example one is shown in Table A.2.As
we can see, solution 1 is the most symmetrical result, and solution 2 will simplify
our design since no output coupler is needed. Filter designer might select the most
stable design or the one with less wavelength dispersion.

The pole-zero plot and corresponding transfer function for the coupled ring-
loaded MZI are shown in Fig. A.3(a) and Fig. A.3(b). In Fig. A.3(a), the target
pole and zero positions overlap with the fitted ones, and we see a perfect cor-
respondence for their spectrum response. The pole-zero plot and corresponding



A-8 APPENDIX A

transfer function for the conventional ring loaded MZI are shown in Fig. A.3(c-d).
In Fig. A.3(c), the target poles and zeros are in the right half of the z plane, while
the fitted one is in the left half plane. This corresponds to a shift of the spectral
response with half a free spectral range (FSR), or a mirroring on the Nyquist fre-
quency axis. Since the spectrum response is repeated with the FSR, so the final
spectrum response of the targeted result and the fitted result show no difference
with each other.

Now we consider a second filter example, let’s construct a Chebyshev type II
filter cheby2(2 ,20, 0.9, *low’). The a; and b; coefficients are as following:

by = [0.6326,1.2339,0.6326]a; = [1.0000,1.0928, 0.4063] (A.18)
cheby2(2,20,0.9,'low’) b1=[0.6326,1.2339,0.6326]
al=[1,1.0928,0.4063]
our design ring loaded MZI
ko = k4 = 0.9962, k1 = k3 = 0.5937 | ko = ks = 0.5,k1 = ko = 0.5730

ko = 0.2652,phi; =0 phi; = 0.8388pi

phis = —phiz = 0.4077pi

b =[(—0.6326,1.2339, —0.6326)] b=1[(—0.6124 + 0.15857),

(—1.1945 + 0.30915),
(—0.6124 + 0.15857)]
a = [1,—1.0928,0.4108] a = [(—0.8745 + 0.4851),
(—0.3734 + 0.20715),
(—0.3734 + 0.20715)]

Table A.3: Parameters For Fig. A.4

The pole-zero diagram and the corresponding spectrum response of the cou-
pled ring filter in configuration II (¢ = ) are shown in Fig. A.4(a-b).The pole-
zero diagram and the corresponding spectrum response of the conventional ring
loaded MZI is shown in Fig. A.4(c-d). The corresponding parameters for Fig. A.4
is given in Table A.3.

The two circuits perform equivalently. The spectrum responses are the same if
we would like to systhesize a given bandpass filter, and the only difference would
lie in the configuration of the filter and its corresponding a; and b, coefficients.

For the third example, the a; and b; coefficients are not calculated from any
bandpass filters. We try to set the following values to our design, ky = 0.6,
ki1 = 0.9, ks = 0.5, k3 = 0.1, k4, = 0.4 and ¢; = 7. The a; and b; coeffi-
cients are calculated, and then we try to fit the ring loaded MZI with the calculated
coefficients, the a; and b; values are given in Eq. A.19:

by = [—0.6197,0.8582, —0.6197]a; = [—1.0000,0.8944, —0.3000]  (A.19)
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Figure A.4: The second example filter has been synthesized by both the classical and the
coupled ring-loaded MZI. (a) and (c) represent the pole-zero diagrams of the synthesized
filters, while (b) and (d) show their spectrum responses compared with the targeted curve.
(a) and (b) corresponds to structure of the coupled ring-loaded MZI of Fig. A.1(b), and (c)
and (d) corresponds to the classical ring-loaded MZI of Fig. A.1(a).

The pole-zero diagram and the corresponding spectrum response of the cou-
pled ring-loaded MZI in configuration II are shown in Fig. A.5(a-b).The pole-zero
diagram and the corresponding spectrum response of ring loaded MZI is shown in
Fig. A.5(c-d). The parameters for Fig. A.5 are given in Table A.4. In this case, the
fitted curve and the targeted curve in Fig. A.5(d) did not overlap with each other
very well, which indicates that the ring loaded MZI could not be configured to
match the double ring loaded MZI. The double ring loaded MZI thus is a better
candidate for a fully programmable filter. This is important when considering uses
other than bandpass filters, such as arbitrary waveform generation.

As we can see from the three examples, the a; and b; coefficients in our design
are always real numbers. Actually if the ¢ is set not be O or 7, the a; and b;
coefficients would also be complex number for our design. If we try to fit such
complex a; and b; by the given the ring loaded MZI, we can not get a good fit,
either. Such situation is very similar to the third example.
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b1=[-0.6197,0.8582,-0.6197]
al=[-1,0.8944,-0.3]

our design ring loaded MZI
ko =0.6,k1 =0.9,k2 =0.5 ko =k3 =0.5,k1 = ko = 0.5730
ks =0.1,ks = 0.4, phiy = pi phi; = 0.8388pi,

phis = —phiz = 0.4077pi
b =1[(—0.6197,0.8582, —0.6197)] b =[(—0.6021 + 0.1467),
(—0.8339 + 0.2031y),
(—0.6021 + 0.14675)]
a = [—1,0.8944, —0.3] a = [(—0.8880 + 0.46007),
(—0.7942 + 0.41137),
(—0.3612 + 0.1871j)]

Table A.4: Parameters For Fig. A.5
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Figure A.5: The third example filter has been synthesized for both filter circuits. (a) and (c)
are the pole-zero diagrams of the synthesized filters, while (b) and (d) show their spectrum
responses as well as the targeted response. (a) and (b) correspond to the coupled
ring-loaded MZI of Fig. A.1(b), while (c) and (d) correspond to the classical ring-loaded
MZI of Fig. A.1(a).
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A.3 Estimation of Q factor

In this section, we will have an estimation of the Q factor [?]. We assume the
loss for the tunable coupler is 0.12 dB, n is 4.3, the loss for the phase shifter is
around 0.02 dB. The resonance wavelength is 1.55 um, and the round trip length
L of the ring is calculated according to the FSR measured and it is 712 um, the
length of the tunable coupler is 173.4 um and the length of the heater is 50 um.
The waveguide loss is estimated to be 1.3 dB/cm. r is the critical coupling and g is
the amplitude attenuation coefficient.

The loss of power of the single ring is composed of waveguide loss, loss for
two tunable couplers and the loss of the phase shifter, the loss of the single ring is
0.300976 dB.

Lossqp = —1010g,o( Pout/ Pin) = —201og,o(e ) = 20gL - log g e (A.20)

The Q factor of the single ring is calculated by the following equation:

Lring
)\res N (IH?" —g- Lring)

Q — factor = —m (A.21)

The Q at the critical coupling (i.e. 7 = g) is estimated to be 18184.
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