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The lock-in technique in photonic applications
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The need for control electronics

Example: detuning of a ring resonator

)

» Temperature sensitivity: g
AT = 1K — AN = 80pm %
Af = 1T0GHz =

=

» Sensitivity to fabrication tolerances:

0.1 nm waveguide ___ AA = 80pm
width mismatch Af = 10GHz

2

The control electronics makes the
photonic device behave as intended
In the design phase.
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Control strategies for photonic circuits

photonic circuit m

actuators detectors

L} 4

: set-point
electronic controller EKammssrs

Requirements for an effective control strategy for complex PICs:

« Easy implementation on multiple devices

* No calibration required
* Insensitive to reciprocal coupling of cascaded devices
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Possible control strategies

In many common applications a photonic device needs to be tuned to maximize or
minimize light at its output. This can be obtained in several ways.

Perform a calibration of the system:

« Sweep the heater voltage to observe the device
transfer function and find the correct tuning point.

Sensitive to variations of
the chip temperature and
of the input light power.

Stepper algorithm:
« Store the current sensor readout.

« Change the actuator command to shift the device Sensitive to variations
transfer function in one direction. reciprocal coupling of

 Perform a new readout and compare it with the cascaded devices.
old one, to update the direction of the next move.

* Repeat
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The dithering technique

Working principle:

 Apply a small modulation (TmV to 100 N
mV) to the bias voltage of the actuator.

« Monitor the amplitude of the optical
modulation at the output with a light

Sensor.

‘ N

The output modulation is proportional to ‘ AN
the device transfer function first derivative!

Pour(Vacr) = Poyr(Vpias) +
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Dithering extraction with lock-in technique
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« The stationary points of the transfer function correspond to zero dithering amplitude.

« By choosing a different dithering frequency for each device, reciprocal coupling
between cascaded devices is avoided thanks to the lock-in frequency selectivity!
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Dithering with CLIPPs

Vactuator AELLIJCE(FQR \f+)<— ACTUATOR BIAS
CLIPP
STIMULATION
CI=II ) feLipp faith
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\ v v Transfer
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T i d Average
e N\ Dower
Electronics LA
IAC . .
— A cascade of two mixers is needed to downconvert and
T ‘ T extract the dithering signal with the lock-in technique
from the CLIPP readout.
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Dithering with photoconductors
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Bias the detector with a constant voltage, apply dithering
to the heater and demodulate at f;, the sensor readout.
This also allows to get away from the detector 1/f noise.
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Dithering-based closed-loop control of photonic devices (1/2)

* The condition of zero dithering amplitude p
does not depend on:

* Temperature
+ Average light power in the device

OPT

* The sign of the dithering signal (after
demodulation) indicates the direction of
the target stationary point.

U

POPT

The dithering information can be effectively
used to stabilize the device without any
calibration! ' Vacr
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Dithering-based closed-loop control of photonic devices (2/2)

» The dithering signal can be used as IN sensor ouT
. w— r—
the error signal of a control loop F
based on an integral controller. Dithering extraction
- B ing th ignal, the syst évd‘“ lAd‘“‘
y zeroing the error signal, the system v, set-point 3

stabilizes the device on a stationary +«—H)+«— Controller =—
point of its transfer function.

f e MaX
setg0oint k Actuator voltage V, Adith
e S »(-F l >
=0 et
-1 min R Vy
INTEGRAL fyq
CONTROLLER
OPTICAL RESPONSE &
DITHERING EXTRACTION
Output dithering amplitude

F. Zanetto et al., IET Optoelectronics, 15, 2, 111-120 (2021)
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Automated recovery from wavelength variations
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The control loop reacts to the working point
perturbation and rapidly modify the heater
voltage to recover the initial condition.
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Locking to a different target point

0

« What if we don’t want to maximize

or minimize the output power? —
« Modulators for instance need to be % 5}

tuned on the slope of their transfer S

function to operate correctly. g

|c_E —Vmop = OV

Can we extend the dithering technique —Vmop = 19V E
also to other locking points to maintain —Vyop =3V \
- ? -15 | *
its advantages: 1500.2 1500.25 15003 1500.35 1500.4

Wavelength [nm]
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Extension of the dithering technique to the second derivative
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Stabilization of a ring modulator

I
o
°

Same integral control loop as before,

%)
£35 fed with 2"d harmonic demodulation.
o

$ 30 :
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V. Grimaldi et al., IEEE JLT, 41, 1, 218-225 (2023)
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Stabilization of a ring modulator
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Same integral control loop as before,
fed with 2"d harmonic demodulation.

Stable performance of the modulation
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V. Grimaldi et al., IEEE JLT, 41, 1, 218-225 (2023)
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Devices with multiple actuators

« What if a device needs multiple A MZl is a light switch, where the
actuators to be operated? ratio of the power at the two outputs
Is determined by the actuators setup.

« Mach-Zehnder interferometers for
Instance require two actuators to H2

, IN1 =) = OUT1
completely steer light to the two \ ’ \ ’
outputs.

‘ H1 D1
IN2 = = OUT2

Can we extend the dithering technique B Thermal Actuator B Detector
also to this situation?
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Lock-in frequency selectivity
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Closed-loop MZI control

— e MaX

set-point: d=0 (7 k (D)
4 -1 —*min S T
INTEGRAL fg1 .
CONTROLLER « Two independent control loops
H1 partial [ HEATER 1 in parallel, with the same
derivative . .
f integral architecture shown
di : = .
a previously.
MZI OPTICAL RESPONSE & . .
DITHERING EXTRACTION « Each actuator is automatically
 max tuned so that all light is steered
set-point: d=0 ¢ Kk

to one of the two outputs.

\L
n|
—®

-1 e min

INTEGRAL f
CONTROLLER

o
N
[ ]

No need for calibrations,
HEATER 2 Insensitive to temperature and
other devices.

H2 partial
derivative

fa2

MZI OPTICAL RESPONSE &
DITHERING EXTRACTION
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Experimental verification

« Heater voltage initialized at a random starting condition, then activation of the
control loop to maximize light at the output.

« The configuration is exponential (as expected with an integral controller) and
the configuration time is in agreement with the loop bandwidth.

CT) 1 %) 80 | | Tl;eolrelticla; _
g E 30 ® Measured |-
o 0.8 o E 9... 5
e E v
E’ 0.6 = 40 { 3
8 . 5 .'... { |
= © 20 1 ]
ﬁ 04 lg—n | 0».“.‘
E 0.2 = Single MZI - 40 Hz | ] “g 10+ O
S — Single MZI - 80 Hz 3 | |
0 10 20 30 10 20 40 80
Time [ms] Bandwidth [HZ]
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Mesh of Mach-Zehnder interferometers

Inward source e

-
IN1» oUT >
g
e
IN 2 ’ Inward wave ‘__’1_/
Backward wave -
Self-aligni
"
mm phase-shifter beam coupler

Single-mode
input/output
waveguide

IN4 — detector

Backward wave # "Ward wave
(“Red”) (“Orange”)

A mesh of MZI can be used as a Applications:

universal optical processor, able to  * Optical signal routing and processing

perform linear operations on the e Receivers/Transmitters for telecommunications
input beams.

« Phase-sensitive light sensors
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Automated control of a MZl mesh

 The configuration of the mesh is o LGHT
inherently sequential. \ VAV
. . ’\I H4, fd2 ’\I H5, fdl D3
« This allows to easily extend the .
approach for the single MZl to " Vizks MKt 02
the mesh. N HI, fg D1
« The dithering frequencies can D o D ;T
be reused, since when one MZ| T—,NT_C%NTR_‘—l |<— e
is tuned the residual oscillation LA y—
at its output is zero. T—,NT, C%NTR_‘—Q‘— SR
. T T PDROPT
* The maximum control far faz ”f’ T omeR] |~ g i
bandwidth is d ined bv th INT. CONTR. E] far faz f
anawidth Is determined by the =
difference between fy, and f.. fur foz
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Experimental results

« The approach has been validated on a mesh of 3 MZlIs.

« The evolution of the power at the output is no more exponential, since it results
from multiple loops in cascade.

« The configuration time scales less than linearly with the number of devices.

—_—
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POLITECNICO MILANO 1863 F. Zanetto — Lock-in uses in photonic applications



Controlling a mesh with a single photodetector

LIGHT

N\, HS, fge ouT
—_— U=\ b
+ The lock-in frequency selectivity UM fa S, fas e
allows also to use a single LT
photodetector to tune the whole " _\j’;z_fdz\}’.”g’_fdy\_/\—
meSh. ,\JHllfd1/ \ ’ \ ———
» Each actuator needs a different e
. . DITH. EXTR.
d!thgrlqg frequency to be a.ble to T—,NT.C%NTR;
discriminate them, so practical ar
limitations to this approach exist. “[3 ¥ oA o
& < «
: : . . J
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multivariable optimization s g For
. T_D|TH.EXTR.‘ T T T T T T X
problem in an easy way. [—,NT. &l ™ Fur Ty Faz To Tas Too T
)

fas fde

POLITECNICO MILANO 1863 F. Zanetto — Lock-in uses in photonic applications



ldentitying beams in multi-wavelength systems

« A common way to increase the capacity of fiber optics links is to use multiple
wavelengths to transmit several communication channels in parallel.

« At the receiver side, each wavelength needs to be separated from the others to
recover the useful data.

e How can we discriminate them?

Transmitter side Main transmission line Receiver side
I | | || I
Individual De-multiplexed
signals signals
Transmitter (A1) — ﬂ_ — Multlple_xed (mixed) — ﬂ_ — Receiver (A1)
_J—J_ signals _J—J_
Transmitter (A2) - — % — — Receiver (A2)
Transmitter (A3) — — — — Receiver (A3)
U |
Transmitter (AS) Receiver (A5)
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Pilot tones

« Each wavelength can be labelled before the multiplexer, by superimposing a
weak amplitude modulation at a specific frequency.

« At the demux side, a lock-in amplifier allows easily isolate each contribution
and separate the wavelengths by detecting each frequency.

« The labelling frequencies are usually called “pilot tones”.

@ demultiplexer
e =

optical
fiber

)\1_> mOdUIator, fl —>

A, —»|modulator, f5|—»

e
©

detector, f,
720

\multiplexer/

A, —¥»|modulator, f,|—»

detector, f;
detector, f,

=
—
>
N
G
>
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Lock-in detection of pilot tones

IN AL, A2 =——>
bias voltage —— bias voltage ——
sensor sensor
sensor readout sensor readout
= | H: =] | H:
|
LPF | E 1:tone,l LPF i i ftone,2
. .
o |LPE[ ' |LPF]
average ! ' i average ! v i
light 1 pilottone: lock-in light 1 pilottone: lock-in
power lamplltudeu processing power -amplltude- processing

« The same approach used to detect dithering signals can be used to identify pilot tones.

« By demodulating the sensor readout with a lock-in, each wavelength can then be
separated without ambiguity.
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ldentitying wavelengths in ring resonators

1 T . T . T
O'SM Total power in the ring
0 1 1 1 1 1 1

0 1 2 3 4 5 6

1 . , . . . .
o.sM Demodulation at 7 kHz
N R s o

0 1 2 3 4 5 6

1 : . : . :
O'SL-J——'/T\-—‘I Demodulation at 11 kHz
0 1 | \ 1 I

0 1 2 3 4 5 6
Heater power [mW]

* A, and A, labelled with two different pilot frequencies (7 kHz and 11 kHz).
« By monitoring the total power in the ring, both contributions are observed.

Intracavity optical intensity

 If a pilot tone is demodulated, each wavelength is correctly identified.
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Integrated 8x8 optical router

Tuning A Tuning B Tuning C
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| I
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(=]
CLIPPs £ 9

Time [a. u,]

« 3 switching stages, each comprising 4 thermally-actuated MZIs, allow to route
any input to any output.

e CLIPP detectors monitor the configuration of each MZI, feedback loops to
obtained the desired behavior.
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On-chip labelling for wavelength selective routing

« The first stage can be also
used to label the channels at
each input directly on-chip.

 This is obtained by biasing the
first MZls on the slope and by
superimposing a small
sinusoid to the DC voltage.

« Wavelength selective routing is
achieved by using the pilot
tone readout to tune each MZI.
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!6 | ¥ x 1 THT ]
: : e ,' c8 ! Os
Chy Ch, 1 | 1 I .
Pilot Tones Lock-in detection at f;,
——i
f, fy feedback and control
Tuning B Tuning C
1 ",I-;'/ e, .. T / T T
— '.“ 7 /
o e -\\g' //
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o \
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Conclusions

* Lock-in amplifiers can be used to TRl Pl ==y T
implement efficient control strategies in ”“";Wg B E Seror | [ Auiary Heater

Integrated photonics applications.

e The dithering technique is a powerful way
to control photonic devices and circuits,
without requiring prior calibrations.

« When signals need to be identified inside a
. . . . . MZI Mesh
photonic circuit, label them with pilot tones ,
and extract them with a lock-in readout.
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