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1969:	46	years	of	integrated	op9cs	…	



Roadmaps	



Integrated	photonics:	towards	ubiquitousness		



•  Moore	law	in	photonics…	No	scaling	in	photonics	!	

•  Photonics	as	electronics….		Photonics	is	analog	!	

•  Plasmonic,	graphene,	quantum,	…	

•  CMOS	Compa9bility…	Mendeleev	on	chip	!	

•  More	Moore	or	More	than	Moore?	…	Integra9on,	synergy	

•  Everyone	does	their	job!	…	generic	foundry	scheme	

•  Control	&	feedback,	toward	“system-on-a-chip”	paradigm	

It’s	a	long	way	(in	my	view)	…	
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Control	layer	mo9va9ons	
		
	Monitor	(CLIPP)	

	
	 	Electronics	for	PICs	control	

	
	 	 	Algorithms	and	techniques	

	
	 	 	 	Signal	labelling	techniques	
	 	 	 	 		
	 	 	 	 	Mode	unscrambling	

	

Summary	

φ/π

θ /π

Poptdrop(φ,θ)
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The generic foundry model 

Users 

Foundries 

Design Houses  

Packaging Building Blocks 
Design rules 
Design kits 
Software 

WDM OXC 



Control	&	Feedback:	mo9va9ons	

§  Benefits of photonic integration lies in the aggregation 
of several components 

§  Technology can squeeze many devices in small chips 

§  Complex photonic systems-on-chip are still 
struggling to emerge... 

MINIATURIZATION 

INTEGRATION 
MIT 

Technology is critical… 

(Interferometric) devices suffer from temperature 
drifts, xtalk, fabrication tolerances, nonlinearities, 
aging… 

High Index contrast technologies 

ΔT = 1 K →	Δf = 10 GHz 

Δn = 10-4 →	Δf = 10 GHz 

Δw = 1 nm →	Δf = 100 GHz 

TE/TM and λ dependence… 



Technology is critical 

(Interferometric) devices suffer from temperature 
drifts, xtalk, fabrication tolerances, nonlinearities, 
aging… 

§  Benefits of photonic integration lies in the aggregation of 
several components 

§  Technology can squeeze many devices in small chips 

§  Complex photonic systems-on-chip are still struggling to 
emerge... 

MINIATURIZATION 

INTEGRATION 

MIT 

Silicon Photonics: 
ΔT = 1 K →	Δf = 10 GHz 
Δn = 10-4 →	Δf = 10 GHz 
Δw = 1 nm →	Δf = 100 GHz 
TE/TM and λ dependent ≠	
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Control	&	Feedback:	mo9va9ons	



physical effect 
physical 

effect 

actuation  
command 

working point 
estimation 

Actuators	

Photonics	needs	feedback	and	control	

Defini9on	of	“System”	

Supervisory 
Inputs Control	&	

CalibraDon	 Feedback… 

Sensors	



Control	&	CalibraDon	Layer	

Non	PerturbaDve		
Probes	

Actuators	for	tuning	&						
trimming	

Feedback	controlled	VLSI	photonics	

Photonic	Integrated	circuit	

OpDcal	Circuit	

ICT FET EU Project 
www.bboi.eu 



PICs:	uncertain9es	and	variability	

F.	XIA,	et	al,	Nat.	Photonics,	2007	

...	fabricaDon	tolerances	

Courtesy	of	IBM,	2007	

1nm	tolerance	in	waveguide	width,	100	GHz	wavelength	shid		

...	temperature	dependence	
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...	stochasDc	nature	of	parameters	 ...	operaDonal	condiDons	



...	non	linear	effects	
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...		adapDve	tuning	and	locking	to	“external”	driPs	

λs  λ 

λs  

Y.	Shen	et	al,	Nat	Photonics	11	(2017)	

...		programmable	integrated	photonics	

L.	Zhuang	et	al.,	Op9ca	2	(2015)	D.	Perez	et	al.,	Nat	Communica9ons	8:636	(2017)	

PICs:	adap9ng	and	programming	



17	J.	C.	C.	Mak	et	al.	JLT	51(11),	2015	

Need	for	automa9c	procedures	for	tuning	and	locking		

AutomaDc	hitless	reconfiguraDon	of	silicon	
photonics	microring	filters,	F.	MoricheY	[10686-40]	

PICs:	tuning	and	locking	
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The	control	layer	



OPTICAL PROBES  

 - Non-perturbative  (= test-pin) 

ACTUATORS  

•  Tunable (‘fast’) for tuning, circuit control and adaptive reconfiguration through feedback signals  

•  Permanent, self holding to avoid to feed actuators. For programmable photonics and post fabrication 
trimming (fabrication tolerances compensation)  

•  (Non-) Reversible for programmable photonics (only once by foundry and/or final users or re-
programmable), trimming 

•  Analog / Digital  - circuit control / switches   

•  Amplitude / Phase 

•  Tuning /Trimming STRATEGY (control layer) 

Feedback	controlled	VLSI	photonics	



“Actuators”	(for	trimming)	in	literature	

• 	FIB:	C.	Shu,	2003	(rib	wg,	birefringence,	TE/TM	coupling)		

• 	e-beam:	Ghent,	2008	(4.9	nm,	Q	decrease,	strain	in	cladding)		

• 	nano-oxida8on:	S.	Mookherjea,	2011	(AFM	9p)	

• 	Liquid	crystals:	Gent,	KIT,	2011,	2013	(80	V,	1	nm,	complex)		

• 	femtosecond	“abla9on”:	Vien	Van,	2011	(0.25J/cm2,	10nm,	reversible,	low	Q)	
	
• 	Polymer	coa8ng,	UV	irradia8on:	some	groups	(stability,	loss)	

J. Schrauwen, OE 2008 Wout De Cort, JOSAB 2011 S. Mookherjea, OL 2011 

AFM TIP 



An	athermal	and	trimmable	waveguide	

e-beam	lithography	of	an	amorphous	Silicon	layer	and	As2S3	evapora8on	
Propaga8on	loss:	3	dB/cm	
As2S3	Band-gap	wavelength	≈	550	nm	(green)	
Fluorinated	Polymer	top	layer	(nega8ve	thermoop8c	coefficient)	

SOI	covered	with	Chalcogenide	glass	As2S3	 

A collaboration between … 

PoliMi    Glasgow U.   U. Delaware  Clemson U.    MIT 

Polymer (1.38) 

a-Si (3.48) 

SiO2 (1.45) 500 nm 

As2S3 (2.4) 
205 nm 

Patent	pending	
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	10X	reduced	sensi9vity	to	NL	induced	thermal	shid	
22	

An	athermal	and	trimmable	waveguide	
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As fabricated
After exposure
Linear fit

Temperature	sensiDvity		

10 nm shift 

after exposure 

as fabricated 

10X	reduced	temperature						sensi9vity	
across	>	50	nm		
	
(50	pm/°C	in	conven9onal	Si	waveguides)	



Trimming	of	fabrica9on	imperfec9ons	

Light trimming 

Permanent compensation of 
fabrication imperfections 

nm .35012 =− RR λλ

λR2 λR1 

Radius      = 100 µm 
FSR          = 130 GHz 
Bandwidth  = 32.5 GHz 

Double-ring filter 

Moving  λR1 only 

In	

Out	
λR1	

λR2	 mask	

1	mW/cm2	 Visible	light	

Halogen	light	source	



Au+NiCr+Ti	

�n = K �T

Heater:	“The”	actuator	

SiO2	 Silicon	
Length	 1-3	mm	 10-50	µm	

π shid		 300-400	mW	 10-20	mW	

Δneff / ΔT	 1⋅10-5 °C-1 2⋅10-4 °C-1 

Response	9me	 1	ms	 10 µs 
Crosstalk	 high	 low	



Actuators	for	Tuning,	s9ll	a	dream…	

Light	within	the	waveguide	interacts	with	
the	actuator	

The	phase	and/or	intensity	of	the	light	can	
be	influenced	by	changing	the	op9cal	
proper9es	(n,	k)	of	the	actuator.	

Actuator

Si
waveguide

SiO2

~	1µm	

Intensity	actuators	
	
ON/OFF		à		loss	=	0.1	-	0.25	dB	

200k
k
Δ

⇒ ≥

Two	different		types	of	actuators	

*n n i k= − ⋅Complex	refrac9ve	index:		

25	

n πΔ =
Phase	actuators	
ON/OFF		à		 		
(large	Δn,	moderate	Δk)	

250n
k

Δ
⇒ ≥

Δ

n*	
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The	control	layer:	monitor	



Light	monitors:	Ge,	InP,	hybrid,	monolithic...	

III-V		compounds	Ge	on	Silicon	

Silicon	itself	can	be	used	for	light	detecDon	in	the	near-IR	

Surface	state	absorpDon	(SSA)	PDs		
Photogenera9on	due	to	defect	states	at	the	edges	of	a	
c-waveguide	(symmetry	breaking	&	dangling	bonds)	

H.	Chen	et	al.,	APL	95,	171111	(2009)	

M.W.	Geis	et	al.,	PTL	19(3),	2007	

Defect	State	AbsorpDon	(DSA)	PDs	
Photogenera9on	by	ion	implanta9on	into	the	Si	la~ce	
•  λ-range	1270	to	1740	nm,	bandwidth	>	20	GHz	
•  exploited	also	in	carrier	deple9on	silicon	modulator		 27	

On-chip	photodetec9on	is	a	mature	technology	but...		power	hungry	and	photon	hungry!	



Light-waveguide	interac9on	

Band bending 

Si 

SiO2 

Valence band

Traps

En
er

gy

hν

hν
Conduction band

SSA process 

Interface	

§  Surface State Absorption  

§  Surface states are located typically within the 
first two/three silicon atomic layers (≈ 1 nm) 

§  Intra-gap energy states create a free carrier 
and a corresponding recombination center 



Light	dependent	waveguide	surface	

Low	light	
intensity	

Moderate	light	
intensity	

Large	light	
intensity	



Waveguide	electrical	conduc9vity		



	
Measuring	the	SSA	induced	
waveguide	conductance	
change	ΔG	
through	an	ultrasensi9ve	
electric		detecDon	circuit		

Si	

SiO2	

ΔG	CA	 CA	SiO2	

metal	 metal	L	

ContacLess	Integrated	Photonic	Probe	(CLIPP)		

SiO2

SiO2

Metal

Si	
100	nm		

The	CLIPP	concept	

1	µm	

longitudinal	view	

Contactless	capaciDve	access	to	
the	waveguide	

Light	in	 Light	
out	

A  Si	waveguide	cross	sec9on	
L 		CLIPP	length	
ΔNs 	surface	free-carrier	density	
µs	 	carrier	mobility	

Light	dependent	conductance	variaDon	
Free carriers generated 
on the surface by SSA 

Carrier mobility is typically lower 
on the surface compared to the 
bulk 

Si conductivity change 
induced by light 



								Performance	match	monitoring	requirements:	

q  Compact	size:	L	down	to	25	μm	

q  Sensi9vity	down	to	-40	dBm	

q  40	dB	dynamic	range	

q  Speed	down	to	20	µs	

q  Both	TE/TM	polariza9ons	

q  Arbitrary	waveguide	geometry	(single-mode/mul9mode)	

q  No	loss,	no	backreflec9on,		
no	amplitude/phase	perturba9on,	no	need	for	doping	

CLIPP	performance	

32	

0dBm	

-35	dBm	
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Si substrate (725 �m) 

WG 

2 �m 

n++ 

2 �m 

M1 

2 �m 

Sensi9vity	record	with	
deep	CLIPP	

Classical	
	
Deep	
	

The	Deep	CLIPP	



F.	MoricheY	et	al.,	JSTQE	20(4),	2014		
Stalking	light,	Nature	Photonics	Highlights	2014	

ΔG

C

C

90 ° 

Re[Y]=ΔG 

Lock-In 
Detector 

Im[Y] 

i

TIA 

Ve	=	1	V	
fe	=	10kHz	-	10MHz	

Ve	

A	transparent	detector:	the	CLIPP	concept	

Si	

SiO2	

SiO2	
SiO2

SiO2

Metal

Si	
100	nm		

longitudinal	view	

Light	in	 ΔG	 Light	out	

metal	 metal	

CC C

ContacLess	Integrated	Photonic	Probe	(CLIPP)		

	
Measuring	the	SSA	
induced	waveguide	
conductance	change	ΔG	
through	a	lock-in		
detecDon	circuit		

Contactless	capaciDve	
access	to	the	waveguide	

S.	Grillanda,	Nature	CommunicaDons	6,	8182	
(Sept.	2015)	

34	



1555.8 1555.9 1556.0
-250

-200

-150

-100

-50

0

1555.8 1555.9 1556.0
0

50

100

150

200

250

1555.8 1555.9 1556.0
0.0

0.5

1.0

1.5

2.0

Es
tim

ate
d O

pti
ca

l P
ow

er 
[µW

]

Ele
ctr

ica
l S

ign
al 

Va
ria

tio
n [

pp
m]

Wavelength [nm]Wavelength [nm]

InsideDrop
 

Ele
ctr

ica
l S

ign
al 

Va
ria

tio
n [

pp
m]

Wavelength [nm]

Through

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Op
tic

al 
Tr

an
sm

iss
ion

 

Op
tic

al 
Tr

an
sm

iss
ion

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 

  

CLIPP 1

CLIPP 2
Light In

100 µm 

CLIPP 2

OSA 

CLIPP 3

CLIPP 3 

To OSA 

Through

Multipoint on-chip monitoring 
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Inside the cavity
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What	does	non-invasive	mean?	

§  Tiny resonant wavelength shift (55fm or 7MHz)→negligible for resonators with Q up to 106 

§  Effective index perturbation < 0.5 ppm  (comparable to 3 mK thermal fluctuation) 
§  No appreciable penalty on the quality of transmitted signals!  



CLIPP	assisted	automated	fiber	alignment	

Electric impedance 
detector Piezo position  

controller 

Photonic chip 

 Launch fiber 

Integrated CLIPP 
monitor 
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• 	No	need	for	an	output	collec9on	fiber	

• 		Light	coupling	independent	of	the	PIC	integrated	onto	the	chip	

• 	Compared	with	tap	detectors	is	completely	transparent	when	switched	off	

• 	Suitable	also	for	gra9ng	coupler	alignment	
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M.	Carmina9	et	al.,	PTL,	PP,	99,	Dec.	2014	
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The	control	layer:	electronic	



K.	Padmaraju,	et	al,	JLT	32(3),	2014	

Dithering,	analog,		
Columbia	Univ.	2014	

X.	Zheng,	Opt.	Express,	22(10)	2014		

Bang-bang,	digital	15	bits	
Oracle	2014	

K.	Yu,	et	al.,	JSSC,	51(09)	2016		

Tuning	(peak	search,	analog)	+	locking	
(bang-bang,	digital)			
HP	2016	

C.	Sun,	et	al.,	JSSC,	51(4)	2016		

MIT-Berkely-Boulder	2016	

DWDM	transmiÅer	and	receiver	
Monolithic	plaÇorm,	commercial	45	nm	CMOS	SOI	process		

� A.	Mahendra	et	al.,	Applied			Op9cs	56,	4,	2017	
	
� L.	Qiao	et	al.,	Scien9fic		Reports,	7:42306,	2017	

40	

Integra9ng	photonics	with	silicon	nanoelectronics	for	the	
next	genera9on	of	systems	on	a	chip,	Nature,	19	April	2018	

The	control	layer	from	literature	



20fF	 40fF	 80fF	 160fF	
Intra-PAD	capacitance	compensaDon	

Req	

Immunity	to	input	leakage	current	variaDons		

Electronic	ASIC	for	CLIPP	reading	
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•  7	channels	

•  80	MHz	analog	bandwidth	

•  On-chip	I/Q	lock-in	demodulators	

•  Output	filters	(-3dB	BW	=	100kHz)	

•  40	fA/√⁠Hz 	input	noise	(@500kHz)	

•  16pS	resoluDon	@500kHz	(BW=100kHz)	
with	integrated	filters	and	1V	s9mulus	

•  1.6pS	resoluDon	@500kHz	(BW=1kHz)	
with	external	filters	and	1V	s9mulus	

•  PTOT	=	62mW	(9mW	per	Channel	@1.8V)	

STmicroelectronics	BCD8sp	MPW	

Electronic	ASIC	for	CLIPP	reading	
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Label	demodula9on	within	FPGA	
Electronic	controlling	board	with	heater	drivers,	
CLIPP	readout	circuitry		and	embed	FPGA	controller	

Quasi-planar	
transposer	coupling	
to	gra9ngs	with	
PM	fibers	

Assembly	and	control	hardware	

CMOS 
ASIC 

Photonic 
chip 

FPGA	

Heaters	
drivers	

Pilot	tone		
and	signal	
processing	
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The	control	layer:	algorithms	and	techniques	



CLIPP 

heater 

O1 

O2 

Controller Set point 

A. Annoni et al, JSTQE, 22(6) 2016 
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CLIPP	signal	

MZI	transmission	

§  Automatic tuning and locking of MZI 
§  Maximum/Minimum locking 
§  Any bias locking (Ratio O1/O2 set point) 
§  Local feedback loop  
§  No TEC needed 
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Ring	stabiliza9on,	locking,	tuning	

Electronic	helps	photonic	....	
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Ring	stabiliza9on,	locking,	tuning...	
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Control	many	degrees-of-freedom	(DOFs)	using	a	
single	monitoring	point	

Handling	mul9ple	degrees	of	freedom	

J.	Fisher,	et	al.	JLT	33(10),	2015	

Several	DOFs	simultaneously	dithered	at	orthogonal	
frequencies	generated	from	a	discrete-mul9-tone	generator	
(DMT)	

CLIPP	

Initial 
operating 

point 

Multi tone  
dithering 

+ 
output  

acquisition 

Gradient  
and  

Hessian 
estimation 

Direction and 
step size 

estimation 

Actuators  
voltage 
change 

Stop 
criterion 

no	

yes	

•  Extract	N	deriva9ves	vs	dithering	tones	(gradient,	
Hessian	matrix,	…)	

•  Es9ma9on	of	descent	direcDon	&	step	size		
(gradient	or	Newton	method)	

•  Step	size	refinement	(e.g.	Back-Trace-Line-Search)	

•  Bang-Bang	techniques	
48	φ/π
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Switching	fabric		
(just	an	example...)	
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Temperature	distribu9on	(Comsol)	

electronic	drivers	

Thermal	distribu9on	



2	x	12	CLIPPs	

Ai Bi Ci 

Stage A Stage B Stage C
I1
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I3
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I7
I8
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O5
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Crossbar	router	-	Lightpath	tracking	and	control	

12	heaters	

A.	Annoni	et	al.,	JSTQE,	May	2016	

CLIPP	MZI	switch	
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A.	Annoni	et	al.,	JSTQE,	Nov	2016	

Thermal	crosstalk	compensa9on	with	feedback	
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Photonic	

Electronic	

Actuators	Monitor	
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circuit	

The	control	layer:	pilot	tones	(LABEL)	



V,	f0

CLIPP demod. @ fe 

CLIPP 
demodulation 

CLIPP 
Heater 

Heater 
voltage 

Two input channels at different wavelengths  

λ1 = 1549.59 nm 

λ2 = λ1 + 120 pm 

0 1 2 3 4 5 6 0 

0.5 
1 

Heater power [mW] 

CLIPP demod. @ fe 

λ2  λ1  
?	

?	

?	
Heater	

C
LI

P
P 

si
gn

al
 

λ2  λ1  

Pilot	tones	for	wavelength	monitor	
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V,	f0

CLIPP demod. @ fC 
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CLIPP 
Heater 

Heater 
voltage 

Two input channels at different wavelengths  

λ1 = 1549.59 nm  + label 2% @ f1 = 10 kHz 

λ2 = λ1 + 120 pm + label 2% @ f2 = 11 kHz 

0 1 2 3 4 5 6 0 

0.5 
1 

Heater power [mW] 

CLIPP demod. @ fC+f1 

λ2  λ1  

Heater	

C
LI

P
P 

si
gn

al
 

λ2  λ1  

Pilot	tones	for	wavelength	monitor	

λ1	iden9fied	
Automa8c	tuning	and	locking	at	λ1		

λ1  

λ2  λ1  

0 1 2 3 4 5 6 0 

0.5 

1 
CLIPP @ fC + f1 

57	



V,	f0

CLIPP demod. @ fC 
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Pilot	tones	for	wavelength	monitor	

λ1  

λ2  
0 1 2 3 4 5 6 0 
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CLIPP @ fC + f1 

λ2  
SWAP	!	

CLIPP @ fC + f2 
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1 λ2	iden9fied	

Automa8c	tuning	and	locking	at	λ2	



ωfC fe+fpi 

Pilot	tones	enable	control	

Weak	(2%)	Pilot	Tones	
f1,	f2,	f3,	f4,…	(kHz)	

Lock-in	detec9on	at	fi	,	
feedback	and	control	

Label	

Label	

Label	

Label	

CLIPP	monitors	
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Z(f)	
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Unscrambling	light	
(automated	mode	demux)	



Mode A 

Mode B 

Mode C 

Mode D 

Unscrambling	light	

Mode	
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CMOS 
ASIC 

Photonic 
chip 

Integrated	mode	unscrambler	

Transparent CLIPP monitors   Thermal phase shifter 

Mixed 
modes 

Sorted modes 

S11 

S12 

S13 

S21 

S22 

S31 

Tunable beam 
splitter 

Out1 

Out2 

Out3 

Out4 

S11 

S12 

S13 

S14 

S15 

S16 

CLIPP1 

CLIPP2 

CLIPP3 

CLIPP4 

CLIPP5 

Mode 
mixer 

Input 
ports 

500 µm 

A.	Annoni	et	al.,	Light:	S&A	6,	e17110	(2017)	



Out 1
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Out4

S11
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S13

A

B

C

D

§  mode	monitoring	preserving	mode	
orthogonality	

§  mode	unscrambling	by	sequen9ally	tuning	
MZI	stages	(S11,	S12,	S33,	…)	

§  possibility	to	feedback	control	individual	
stages	

Automa9c	self-configura9on	

CLIPP	monitoring	enables…	
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Mode	reconstrucDon	at	output	port	1	

§  the	MZI	mesh	self-configures	automa9cally	and	reset	itself	ader	significantly	perturbing	the	mixing	
§  4-mode	automa9c	unscramble	(<	20	dB	residual	cross-talk)	

	All-op9cal	mode	reconstruc9on		
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4x10Gbit/s channel unscrambling  

PRBS	
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Extrac9on	of	Channel	D	from	output	port	OUT1	
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Unscrambled signal 4-mixed signals 

Signal unscrambling  

§  All the 10 Gbit/s channels are switched on 
§  Sequential tuning of the MIMO demux for the extraction of 

channel A  

Frequency	domain….	 Time	domain….	
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How	many	tools	are	needed...	!	

•  Advanced	(sta9s9cal)	analysis	sodware	tools	(circuit	simulator)	

•  Robust	design	techniques	(design	on	tolerance)	

•  Sta9s9cal	PDKs	

•  Characteriza9on	techniques	

•  Hitless	monitors...	CLIPP	!!	

•  Algorithms:	Tuning,	Locking,	Rou9ng	(non	invasive,	circuit	dependent)	

•  Pilot	tones	(for	wavelength,	polariza9on,	mode	and	circuit	rou9ng)	

Conclusions	



Integrated	photonics:	ubiquitousness	and	complexity	to	be	controlled		

Feedback	

Monitor	 Locking	

Stabiliza9on	

Pilot	Tones	
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