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• Floorplan PIC

• Measurement Setup @ SSSA

• Transmission measurements (BER, eyes)

• Focus on selected devices: FMZM1, RM5 (imec), RM7, RM3, EAM (imec), …

• Ring modulators DC-level analysis

• Discussion

• PIC-EIC integration

• Irradiation campaigns

Outline
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PIC Floorplan

MZM0 MZM1 MZM2 MZM3

RM1

RM2

MZM7 MZM6 MZM5 MZM4

RM0 (imec)

RM3

EAM (imec)

RM7

(imec) RM5

RM9

RM4

RM8

RM6

RM-

4WDM

FMZM2

FMZM0FMZM1

(imec) PD

MZM 
(imec)

Device Doped Length Etch Doping Electrodes Type Term

MZM [imec] 1.5 mm Deep PN CPW ~25 Ω

MZM0 1.5 mm Shallow P+N+ CPW bond-able

MZM1 1.5 mm Shallow P+N CPW bond-able

MZM2 1.5 mm Shallow P+PN CPW bond-able

MZM3 1.5 mm Shallow PN CPW bond-able

MZM4 1.65 mm Deep PN Slow-wave «GCPW» bond-able

MZM5 2 mm Deep PN Slow-wave CPW bond-able

MZM6 3.1 mm Deep PN Slow-wave «GCPW» bond-able

MZM7 2 mm Deep PN Slow-wave CPW ~37 Ω

FMZM0 3.1 mm Deep PN Lumped bond-able

FMZM1 1.5 mm Deep PN Lumped none

FMZM2 1.5 mm Shallow P+PN Lumped none

Device Config Radius Gap Lc Etch Doping Term

RM0 [imec] All pass* 5 µm ?? ?? Deep P+N+ bond-able

RM1 Add drop 5 µm 180 nm 0 µm Deep P+N+ bond-able

RM2 Add drop 5 µm 230 nm 0 µm Deep P+N+ bond-able

RM3 All pass* 5 µm 180 nm 0 µm Deep P+N+ bond-able

RM4 All pass^ 5 µm 180 nm 0.5 µm Deep P+N+ bond-able

RM5 [imec] All pass 5 µm ?? ?? Deep P+N+ bond-able

RM6 All pass 5 µm 180 nm 1.5 µm Deep P+N+ bond-able

RM7 Add drop 7.5 µm 200 nm 0 µm Deep P+N+ bond-able

RM8 Add drop 7.5 µm 260 nm 0 µm Deep P+N+ bond-able

RM9 All pass^ 5 µm 180 nm 1 µm Deep P+N+ bond-able

RM-4WDM All pass 5 µm 180 nm 0 µm Deep P+N+ none
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E/O Setup @ SSSA

PPG – SHF 12100A

clock in

DCA 86100C 86116 head

data

external

trigger
65-GHz bandwidth

electrical in

86116 head

20-GHz bandwidth

electrical in

clock out clock /16

ED – SHF 11100A

clock in data

RF 

probe

PD
30 GHz

Keithley SM

DUT

TLS

λ0 sweep sync

laser 

out detector

CT440
laser 

in

Polarization

Controller

DC 

probes

SMA

patchcords + 

PIC coupling + 

on-chip routing

Measured

optical IL

on-chip routing

+ PIC coupling

+ patchcords

OPTICAL setup ELECTRICAL setup

Clock board LMX2595EVM

RFoutAP RFoutAM

50 Ω

adapters

9 dB att.

SMK

1 m

adapters adapters

SMV SMV30 cm

adapters

SMA

SMA

1 m

adapters

Centellax
RF Amplifier

65 GHz

adapters

adapters

Bias T
26.5 GHz

adapters

SMK

SMK

SMA

1 m

adapters

20 dB att.

SMK

SMK

60 cm

1 m

6 dB att.

SMK

SMK

60 cm

EDFA

0.8 nm 

OBPF

1% 99%OSA
Optical

Splitter
VOA

SMK

Bias board 

TE1B

adapters

adapters

SMK

SMK

SMK

SMK

1 m 1 m AC-coupled PD output 

and optical scope head 

unavailable!

ER and OMA 

performances are not

measurable

Ptls

PvoaVbias
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Folded MZM1 – Results (1/3)

PD out
(PRBS 27-1)

RF Amplifier

output

(attenuated

by 20 dB)

(PRBS 27-1)

• 25 Gb/s operation below FEC limit confirmed by large-signal analysis in single-arm driving

• VampRF = RF amplifier swing amplitude control voltage, Pvoa = optical power at the 
photodetector (PD)

• RF amplifier waveform measured on scope’s matched load, while device is reflective. «Real» 
driving voltage need further analysis to be estimated

MZM deep-etch, doping PN

Ldoped ~ 1.5 mm, Loptical ~ 3 mm

footprint = 460 µm x 460 µm 

10 Gb/s 7 V -4.3 dBm 20 Gb/s 7 V -2.4 dBm 25 Gb/s 7 V -2.8 dBm

10 Gb/s 7 V -

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa

20 Gb/s 7 V -

Bitrate VampRF Pvoa

25 Gb/s 7 V -

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa Bitrate VampRF Pvoa

100 

mV

100 

mV

100 

mV

100 

mV

100 

mV

100 

mV

10
Gb/s

10
Gb/s

20
Gb/s 

20
Gb/s

25
Gb/s

25
Gb/s

SG

λ0 = 1538.12 nm

Vbias = 1.5 V 

Ptls = 13 dBm

T = 21.3 °C

OSNR1nm = 28 dB
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Folded MZM1 – Pattern Dependance (2/3)

PD out
(PRBS 27-1)

PD out
(PRBS 231-1)

• 25 Gb/s operation below FEC limit confirmed by large-signal analysis in single-arm driving

• VampRF = RF amplifier swing amplitude control voltage, Pvoa = optical power at the 
photodetector (PD)

• Pattern dependance captured between 27-1 and 231-1 PRBS sequences

MZM deep-etch, doping PN

Ldoped ~ 1.5 mm, Loptical ~ 3 mm

footprint = 460 µm x 460 µm 

PRBS 27-1

25 Gb/s 7 V -2.8 dBm

10 Gb/s 7 V -3.9 dBm

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa

20 Gb/s 7 V -3.9 dBm

Bitrate VampRF Pvoa

25 Gb/s 7 V -3.9 dBm

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa Bitrate VampRF Pvoa

100 

mV

100 

mV

100 

mV

100 

mV

100 

mV

100 

mV

10 Gb/s 7 V -4.3 dBm 20 Gb/s 7 V -2.4 dBm

10
Gb/s

10
Gb/s

20
Gb/s 

20
Gb/s

25
Gb/s

25
Gb/s

SG

λ0 = 1538.12 nm

Vbias = 1.5 V 

Ptls = 13 dBm

T = 21.3 °C

OSNR1nm = 28 dB
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E/O Setup @ SSSA – Push-Pull Driving

PPG – SHF 12100A

clock in

DCA 86100C 86116 head

data

external

trigger
65-GHz bandwidth

electrical in

86116 head

20-GHz bandwidth

electrical in

clock out clock /16

ED – SHF 11100A

clock in data

RF 

probe

PD
30 GHz

Keithley SM

DUT

TLS

λ0 sweep sync

laser 

out detector

CT440
laser 

in

Polarization

Controller

patchcords + 

PIC coupling + 

on-chip routing

Measured

optical IL

on-chip routing

+ PIC coupling

+ patchcords

OPTICAL setup ELECTRICAL setup

Clock board LMX2595EVM

RFoutAP RFoutAM

50 Ω

adapters

9 dB att.

SMK

1 m

adapters adapters

SMV SMV30 cm

adapters

SMA

SMA

1 m

adapters

Centellax
RF Amplifier

65 GHz

adapters

adapters

Balun
40 GHz

adapt

SMK

SMK

1 m

adapters

20 dB att.

60 cm
3 dB 

att.

EDFA

0.8 nm 

OBPF

1% 99%OSA
Optical

Splitter
VOA

SMK

Bias board 

TE1B

adapters

adapters

SMK

SMK

SMK

SMK

1 m 1 m

adapt

3 dB 

att.

Phase 

EQ
50 Ghz

Phase 

EQ
50 GHz

Bias T
26.5 GHz

Bias T 
26.5 GHz

adapt adapt
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Folded MZM1 – Push-Pull Driving (3/3) 

PD out
(PRBS 27-1)

Single-

drive

• VampRF = RF amplifier swing amplitude control voltage, Pvoa = optical power at the 
photodetector (PD)

• Push-pull driving should improve performance, but RF signal syncronization failed

• Balun introduce considerable losses (3 dB intrinsic + 3 dB extrinsic)

MZM deep-etch, doping PN

Ldoped ~ 1.5 mm, Loptical ~ 3 mm

footprint = 460 µm x 460 µm 

10 Gb/s 7 V -4.3 dBm 20 Gb/s 7 V -2.4 dBm 25 Gb/s 7 V -2.8 dBm

15 Gb/s 7 V -0.6 dBm

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa

20 Gb/s 7 V -0.6 dBm

Bitrate VampRF Pvoa

20 Gb/s 7 V -8.9 dBm

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa Bitrate VampRF Pvoa

PD out
(PRBS 27-1)

Push-

pull
Vbias1 = Vbias2 = 1 V Vbias1 » Vbias2 = 1 V

100 

mV

100 

mV

100 

mV

100 

mV

100 

mV 50 mV

single-drive

10
Gb/s

15
Gb/s

20
Gb/s 

20
Gb/s

20
Gb/s

25
Gb/s

SG SG G

λ0 = 1538.12 nm

Vbias = 1.5 V 

Ptls = 13 dBm

T = 21.3 °C

OSNR1nm = 28 dB
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Ring Modulators – Comparison

• BER testing carried out for bitrates ranging from 10 to 35 Gb/s due to clock source/BER tester limitations

• 25 Gb/s operation achieved for all RMs, however Imec’s device greatly outperforms the custom-designed ones

• Add-drop RM7, RM8 and all-pass RM3 probably have a slightly different doping configuration wrt building blocks
(better rad hardeness?)

Imec building block: 

RM0, RM5

Custom all-pass: 

RM3, all WDM-RMs

Custom add-drop: 

RM1, RM2, RM7, RM8,

Custom racetrack all-pass: 

RM4, RM6, RM9

racetrack 

custom designs

custom 

designs

Imec 

building 

block
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RM5 (imec) – Results

PD out
(PRBS 27-1)

All eyes

captured @ 

working point 

providing

minum BER

• Sudden increase in BER happening at high bitrates and optical received powers, which
does not appear as a device-induced BER floor. Possible reasons:

• Nonlinear response due to photodiode saturation

• Usage of low-cutoff frequency bias T (rated 26.5 GHz but probably lower)

• TIA module or BER tester input stage saturation

all-pass config (no closed-loop control!)

deep-etch, doping P+N+

R = 5 µm, gap =  ??

wrg = ??, wbus = ??

25 Gb/s 7 V -12 dBm 30 Gb/s 7 V -5.5 dBm 35 Gb/s 7 V -5.3 dBm

Bitrate VampRF Pvoa

20 Gb/s 7 V -12.3 dBm

Bitrate VampRF Pvoa

20 Gb/s 1.25 V -6.2 dBm

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa Bitrate VampRF Pvoa

100 

mV

100 

mV

50

mV

50

mV

100 

mV

25
Gb/s

30
Gb/s 

35
Gb/s

20
Gb/s

20
Gb/s

λ0 = 1551.3 nm

Vbias = 1.7 V 

Ptls = 13 dBm

T = 21.3 °C

OSNR1nm = 28 dB

Vbias = 0.3 VVbias = 1.7 V
PD out

(PRBS 27-1)
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RM7 – Results
add-drop config (PD on drop port)

deep-etch, doping P+N+

R = 7.5 µm, gap = 200 nm

PD out
(PRBS 27-1)

• Error-free condition achieved till 25 Gb/s with full-swing RF driving, while BER floors
appears from 30 Gb/s

• Power penalty wrt RM5 is likely due to a resonance depth impairment, even though can 
also rely on a different optical overlap with the PN junction

10 Gb/s 7 V -4 dBm 15 Gb/s 7 V -4 dBm 20 Gb/s 7 V -4 dBm

25 Gb/s 7 V -4 dBm

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa

30 Gb/s 7 V -4 dBm

Bitrate VampRF Pvoa

35 Gb/s 7 V -4 dBm

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa Bitrate VampRF Pvoa

100 

mV

100 

mV

100 

mV

50

mV

100 

mV

100 

mV

10
Gb/s

25
Gb/s

15
Gb/s 

30
Gb/s

35
Gb/s

20
Gb/s

λ0 = 1556.16 nm

Vbias = 1.7 V 

Ptls = 13 dBm

T = 21.3 °C

OSNR1nm = 28.5 dB

All eyes

captured @ 

the same

optical 

received

power
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[wdm-]RM3 – Results

PD out
(PRBS 27-1)

Single-drive

All eyes

captured @ 

working point 

providing

minum BER

• RM design embedded also in the 4-WDM circuit

• Power penalty between high-swing and low-swing RF drive at 25 Gb/s ranges between 
3.5 dB @ BER=3.8·10-3 to 10 dB @ BER=10-7

all-pass config

deep-etch, doping P+N+

R = 5 µm, gap = 180 nm

20 Gb/s 7 V -7.7 dBm 25 Gb/s 7 V -6 dBm 30 Gb/s 7 V 1 dBm

20 Gb/s 1.25 V 1 dBm

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa

25 Gb/s 1.25 V 3.5 dBm

Bitrate VampRF Pvoa

35 Gb/s 7 V 1 dBm

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa Bitrate VampRF Pvoa

100 

mV

50

mV

100 

mV

100 

mV

100 

mV

50

mV

20
Gb/s

20
Gb/s

25
Gb/s 

25
Gb/s

35
Gb/s

30
Gb/s

λ0 = 1540.45 nm

Vbias = 1.7 V 

Ptls = 13 dBm

T = 21.4 °C

OSNR1nm = 30.3 dB



S. Cammarata – 1st Session PIC Measurements 13

EAM – Working Principle

• SiGe EAMs in imec’s platform work with Franz-Keldysh effect

• An electric field in the material induces a shift in the light absorption coefficient
which allows on-off amplitude modulation at the working wavelength

• ERs are roughly on the same order of magnitude as those obtainable with RMs

SiGe EAM, lateral PN junction, doping ??

wwg = ??, tSiGe = ??

DUT

TLS

λ0 sweep sync

laser 

out detector

CT440
laser 

in

Polarization

Controller

patchcords + 

PIC coupling + 

on-chip routing

Measured

optical IL

on-chip routing

+ PIC coupling

+ patchcords
Keithley SM

DC 

probes
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Bitrate VampRF Pvoa

EAM – Results

• EAM working nicely till 35 Gb/s, still presenting BER increases at high bitrates

• Power penalties at reduced RF driving voltage are comparable with the respective
penalties in the other devices

• Note: bias point is changed after each RF drive voltage variation

SiGe EAM, lateral PN junction, doping ??

wwg = ??, tSiGe = ??

PD out
(PRBS 27-1)

10 Gb/s 7 V -4.5 dBm 20 Gb/s 7 V -4.5 dBm 25 Gb/s 7 V -4.5 dBm

15 Gb/s 1.25 V -1.3 dBm

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa

20 Gb/s 1.25 V -1.4 dBm

Bitrate VampRF Pvoa

20 Gb/s 1.25 V -1.3 dBm

Bitrate VampRF Pvoa

Bitrate VampRF Pvoa

logBER = -3.4 

100 

mV

100 

mV

100 

mV

100 

mV

100 

mV

100 

mV

25
Gb/s

25
Gb/s

30
Gb/s 

30
Gb/s

35
Gb/s

35
Gb/s

PD out
(PRBS 27-1)

λ0 = 1535 nm

Vbias = 2.2 V 

Ptls = 13 dBm

T = 21.3 °C

OSNR1nm = 28 dB

Vbias = 1.4 VVbias = 1.4 VVbias = 1.4 V
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Device Comparison – Low-Driving Voltages
• 25 Gb/s BER curve for building block Imec’s devices (RM5, EAM) and custom-design RM3 at reduced drive voltage, i.e.

1.25 V amplitude swing of the RF amplifier. Acccurate voltage swing on the device require additional analysis to be 
extracted (e.g., wideband reflection characterization with VNA)

• RM3 present a power penalty of al least 4.5 dB
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Ring Modulator Response Post-Processing

• RM specta recorded on a wide spectral range to collect few
resonances

• Resonance fitting: modified Lorentzian functions to track also weakly
«nonlinear» resonances, e.g. those modified by self-heating

• Main parameters extraction
• Resonant wavelengths λres

• Free spectral range (FSR)

• Intrinsic extinction ratio (ER), i.e. resonance depth

• Full width at half maximum (FWHM), i.e. resonance -3 dB bandwidth

• Quality factor Q

• Self and cross coupling coefficients ,

• Round trip losses

• Transmission parameter calculation given a certain voltage swing 
• Modulated extiction ratio (ER)

• Modulated insertion loss (IL)

• Optical modulation amplitude (OMA) or, equivalently, transmission penalty (TP)

Work in collaboration with

Paolo Pintus, UniCagliari & UCSB
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RM5 (imec) vs. RM7 – Spectrum

RM5 (imec) RM5 (custom)

Work in collaboration with

Paolo Pintus, UniCagliari & UCSB
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RM5 (imec) – Physical Parameters
Work in collaboration with

Paolo Pintus, UniCagliari & UCSB
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RM7 – Physical Parameters
Work in collaboration with

Paolo Pintus, UniCagliari & UCSB
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RM5 (imec) vs. RM7 – Modulation Parameters

OMAmax TPmin ER @ TPmin IL @ TPmin ER max IL max

RM5 – 1 Vpp -11.7 dBm 14.7 dB 1.17 dB 5.5 dB 10.9 dB 24.2 dB

RM5 – 3 Vpp -7 dBm 10 dB 3.45 dB 4.4 dB 21 dB 16.3 dB

RM7 – 1 Vpp -14.6 dBm 17.6 dB 1.67 dB 4.8 dB 4.1 dB 14.4 dB

RM7 – 3 Vpp -9.7 dBm 12.7 dB 0.54 dB 5.2 dB 1.42 dB 15.43 dB

RM5 (imec) RM5 (custom)
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PIC-EIC Integration – Discussion

• 2x PIC-EIC packages commissioned to 
CamGraPhIC (chip attach + Au wirebonds +
fiber array pigtail)

• Strategy?

1. RM5 (imec) + 28nm EIC

2. RM7 + 28nm EIC

Attention! With a single PCB only the blue or red
scenario can be assembled

• In both case, a ~37 Ω-terminated MZM is
available. We should check the bias/control pads
floorplan of the last 65nm MZM driver…

RM7

RM5 

(imec)

MZM7
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Irradiation Campaigns – Discussion

❑ TID irradiations:

#1 campaign: RM0 (imec), RM3 (custom), EAM, FMZM2 ( July?)

#2 campaign: MZM0, MZM1, MZM2, MZM3 ( July?)

#3 campaign (?): terminated MZMs high-speed testing (E/O small-signal testing, BER and eyes) (October?)

#4 campaign (?): RM+EIC28 high-speed testing (BER and eyes) (November?)

❑ Heavy ions/protons irradiations:

#5 campaign: SEEs BER testing of terminated MZMs and/or RM+EIC28 assembly (December?)

#6 campaign: fluence degradation test of the same devices included in campaign #1 and/or #2 (December?)

❑ Concerns to report:

• PIC protection (against soldering/handling): bottle cap and tape? 

• Thermistor attachment: on PIC? (packaging workaround needed..) on Aluminum plate under the board? 
(unstable/inefficient operation..)

• Single E/O spectrum measurements are really slow (minutes..) if made point by point with TLS and PM, and 
PM readings unstable for power levels near interval ends.. to be further investigated
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• Repeat large-signal tests for FMZM1, FMZM2 
with new setup together with VNA measures
towards ECOC conference (deadline 10 May
2022)

• Further analysis of DC E/O collected data

• Poster/paper for Elba2021

• RF electrical and E/O testing of TW-MZMs

• Characterization of test structures (sheet
resistances, ring resonators, waveguides, etc.)

• Samples packaging @ CamGraPhIC

• Automate mesurement routines for 
irradiation campaings

Next Steps

MZM0 MZM1 MZM2 MZM3

RM1

RM2

MZM7 MZM6 MZM5 MZM4

RM0 (imec)

RM3

EAM (imec)

RM7

(imec) RM5

RM9

RM4

RM8

RM6

RM-

4WDM

FMZM2

FMZM0FMZM1

(imec) PD

MZM 
(imec)
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