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Outline

• SiPh platform for high-speed DCI

• IMDD optical links

• Photonic devices

• CMOS electronics for single-λ links

• Wavelength-division multiplexing

• Future directions and conclusion
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Introduction: Limits of Electrical I/O

• Bandwidth limitation: Frequency-dependent channel loss.

• Power limitation: I/O power can exceed package limit.

• Package limitation: Pin count and package size scaling are unsustainable.

[Cisco, OIF 2020]
2010

2020
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Optical I/O Pluggable Module
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Discrete 
PIC+EIC

100G

Pluggable module

HVM product

Current high-volume product is an I/O module that plugs into a rack.
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Co-packaged SiPh Optical I/O
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Silicon photonics brings optics closer to ASIC.
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Photonic Engine
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2020 demo
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Co-packaged SiPh Optical I/O
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Future

1.6T 
Photonic Engine

2020 Demo

2020 demo

Discrete 
PIC+EIC

100G

Pluggable module

HVM product

100G

Pluggable module

Silicon photonics brings optics closer to ASIC.
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IMDD Optical Links

Slide 9

High-speed links require advances in SiPh optical devices and CMOS electronics.

Optical 
modulator
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Data out
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Direct Detection (DD)Intensity Modulation (IM)

Data in
iPH = ℛ.PRX
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IMDD Optical Links
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High-speed links require advances in SiPh optical devices and CMOS electronics.
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Intensity Modulation (IM)

Optical 
modulator

Laser 
source

(PIN at λIN)

High-speed 
driver

Photodetector

High-speed RX

EIC

PIC

Data out

Fiber
PRXPTX

IMDD Optical Links: Thermal Management
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Direct Detection (DD)

Thermal control for photonic devices in co-packaged optics is critical.

Data in
iPH = ℛ.PRXPackage heats up!
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Optical 
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source

(PIN at λIN)

High-speed 
driver

Photodetector

High-speed RX

EIC

PIC

Data out

Fiber
PRXPTX

IMDD Optical Links at Intel
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High-speed links require advances in SiPh optical devices and CMOS electronics.

Intel, OR

Intel, CA

Data in
iPH = ℛ.PRX
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Laser 
source
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High-speed 
driver
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EIC
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Data out

Fiber
PRXPTX

IMDD Optical Links
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Optical 
modulator

Data in
iPH = ℛ.PRX
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Optical Modulator: Metrics of Interest
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Key metrics of an optical modulator include:

• Driver swing

• Modulator bandwidth

Laser 
source

(PIN at λIN)

High-speed 
driver

Data in

Optical 
modulator

Driver Swing

Modulation B/W 
Limitation

Optical Modulation 
Amplitude

Is this CMOS compatible?
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Some Popular Optical Modulators 
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Driver swing Modulator B/W

MZM

EAM

MRM
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Some Popular Optical Modulators : MZM

𝑬𝒊𝒏

𝑬𝒊𝒏

𝟐

𝑬𝒊𝒏

𝟐

𝑬𝒐𝒖𝒕

𝒆𝒋𝜽𝑩𝑶𝑻

𝜽𝑻𝑶𝑷 - 𝜽𝑩𝑶𝑻 = 𝜽𝑴𝒁𝑰

𝒆𝒋𝜽𝑻𝑶𝑷

𝑷𝒐𝒖𝒕 = 𝑬𝒐𝒖𝒕
𝟐 =

𝑷𝒊𝒏
𝟐

1 + cos 𝜽𝑴𝒁𝑰

𝑷𝒐𝒖𝒕

𝜽𝑴𝒁𝑰
0 π

Ideal ‘0’

Ideal ‘1’

MZM: Signal interferes with delayed-version
to create intensity modulation.

Driver swing Modulator B/W

MZM

EAM

MRM

MZM: Mach-Zehnder Modulator



Intel Labs, PHY Research Lab

Some Popular Optical Modulators : MZM

𝑬𝒊𝒏 𝑬𝒐𝒖𝒕

𝑷𝒐𝒖𝒕

𝜽𝑴𝒁𝑰
0 π

Ideal ‘0’

Ideal ‘1’

p-Si

Relative phase = 𝜽𝑴𝒁𝑰

n-Si

Carrier density modulation in the doped
waveguide can introduce a phase-shift.

Driver swing Modulator B/W

MZM

EAM

MRM

MZM: Mach-Zehnder Modulator
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Some Popular Optical Modulators : MZM

𝑬𝒊𝒏 𝑬𝒐𝒖𝒕

p-Si

Relative phase = 𝜽𝑴𝒁𝑰

n-Si

Forward-bias Reverse-bias

Carrier-injection Carrier-depletion

Low swing High swing

Low bandwidth High bandwidth

Carrier density modulation in the doped
waveguide can introduce a phase-shift.

[Bell Labs, Opt. Exp. 2012]

Driver swing Modulator B/W

MZM

EAM

MRM

MZM: Mach-Zehnder Modulator
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Some Popular Optical Modulators : MZM

𝑬𝒊𝒏 𝑬𝒐𝒖𝒕

𝒆𝒋𝜽𝑩𝑶𝑻

p-Si

Relative phase = 𝜽𝑴𝒁𝑰

n-Si

Forward-bias Reverse-bias

Carrier-injection Carrier-depletion

Low swing High swing

Low bandwidth High bandwidth

Driver swing Modulator B/W

MZM High High

EAM

MRM

MZM: Mach-Zehnder Modulator

Carrier density modulation in the doped
waveguide can introduce a phase-shift.
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Some Popular Optical Modulators : EAM
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Modulator: [Ghent U/IMEC: OFC 2017]
OTRX: [Xilinx/IMEC: JSSC 2020]

Driver swing Modulator B/W

MZM High High

EAM Low High

MRM

EAM: Electro-Absorption Modulator

EAM

CMOS swing

Voltage-controlled 
attenuation

Input
light
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Some Popular Optical Modulators : EAM
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Driver swing Modulator B/W

MZM High High

EAM (not O-band) Low High

MRM

O-band: 1260 to 1360 nm
(lowest dispersion)
C/L-band: 1530 to 1625 nm
(lowest loss)

Modulator: [Ghent U/IMEC: OFC 2017]
OTRX: [Xilinx/IMEC: JSSC 2020]

EAM: Electro-Absorption Modulator
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Optical modulator: Micro-Ring modulator (MRM)
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WG coupled to a ring-resonator exhibits wavelength-selective transmission.

MRM: Micro-Ring Modulator

Ring 
Resonator
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MRM: Operation
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Voltage swing applied to the MRM can intensity modulate the incident light.

MRM: Micro-Ring Modulator

Ring 
Resonator

p-n junction

p-Si

n-Si
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MRM: Thermal Sensitivity

Slide 25

Local heater stabilizes the ring spectrum in the presence of thermal drift.

MRM: Micro-Ring Modulator

p-n junction

p-Si

n-Si

Ring 
Resonator

p-Si Heater
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MRM: Compact Size
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[Intel, OFC 2018]

[R. Ding, Optcomm 2014]

MRMs are ultra-compact and have high electro-optic bandwidths.

MRM: Micro-Ring Modulator

p-n junction

p-Si

n-Si

Ring 
Resonator

p-Si Heater



Intel Labs, PHY Research Lab

MRMs at Intel: Performance Highlight
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Unequalized 128 GB/s PAM4 
Outer Ext. Ratio = 4.2 dB

1                        5       10                      50                    
-8

-6

-4

-2

0

Frequency (GHz)

Measured

Modeled

Measured 3dB EO B/W: 50 GHz

MRM S21 Response (dB)

[Intel, JLT 2019]

• MRM with 10 µm radius has a modulator bandwidth of 50 GHz.

• Open eye at 128 Gb/s PAM4 without equalization and 2.4Vpp electrical swing.

MRM Reverse Bias:  4 V
Laser detuning (λL- λring resonance): 6 dB

p-n junction

p-Si

n-Si

Ring 
Resonator

p-Si Heater
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MRMs at Intel: Performance Highlight #2
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TDECQ: 1.4 dB, Vpp = 1.8V(a)

TDECQ: 1.6 dB, ER: 4.9 dB(b)

[Intel, OFC 2021]

MRM Reverse Bias:  2 V
Laser detuning 3 dB; 6 dB

60 GHz

54 GHz

Normalized S21 Response (dB)

-15

-10

-5

5

10

15

0           20          40          60

Frequency (GHz)

• MRM with 4 µm radius has a modulator bandwidth of 60 GHz.

• Open eye at 224 Gb/s PAM4 with scope equalization and 1.8Vpp electrical swing.

224Gb/s PAM4 performance

Input electrical eye

MRM output optical eye
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Popular Optical Modulators: Comparison
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MRM: A low swing, high-bandwidth and compact modulator for integrated SiPh.

Driver swing Modulator B/W
Thermal 

sensitivity
Area O-band

MZM High High Low High Yes

EAM Low High Low Low No

MRM Low
High

(improved)
High Very low Yes
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[Intel, JSSC 2021][Oracle, ASSCC 2012] [Berk/U Colorado/MIT, JSSC 2016]

Popular Optical Modulators: Comparison

MRM: A low swing, high-bandwidth and compact modulator for integrated SiPh.

[IMEC/KU Leuven, JSSC 2016]

Driver swing Modulator B/W
Thermal 

sensitivity
Area O-band

MZM High High Low High Yes

EAM Low High Low Low No

MRM Low
High

(improved)

High

(temp control)
Very low Yes
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IMDD Optical Links
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High-speed 
driver

Photodetector

High-speed RX

EIC

PIC

Data out
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modulator
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source

(PIN at λIN)

Data in

iPH = ℛ.PRX
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Laser technology: External vs Integrated
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+
=

InP

Si

InP

Silicon

Hybrid
laser

Integrated Laser

Indium Phosphide

Silicon Wafer

• External: Thermally stable but additional coupling loss.

• Integrated: Can see greater thermal variation but directly coupled.

Optical Mode

External Laser

Multiple
Transcievers

Thermal variation Coupling loss Alignment Amplification

External Low High Costly fiber alignment Required

Integrated High Low Wafer-bonded Architecture-based 

requirement
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Intel’s Integrated Laser: Performance
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Integrated O-band laser provides high power with a clean spectrum for SiPh optical I/O.

0     40      80    120    160                    
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Bias Current (mA)
W
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o
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(m
W

)

0

40◦C 60◦C

80◦C

High-power

Low spurious content and noise

30

40

50

60

(d
B
)

Side-mode Suppression Ratio (SMSR) 
Better than 55 dB

-140

-150

-160

(d
B
/H

z
)

-130
Relative Intensity Noise (RIN)

Better than -150 dB/Hz

1 2 3 4 5 6 7 10 1112 13 14 15 16
Channel # (Two lasers/channel)

Measured @ low Ibias of 60 mA

Measured @ high Ibias of 130 mA

10 mW

80 mA

[Intel, OFC 2020]

Lasers
MZI

switch MRM

G
e
-P

D

G
e
-P

D

Redundant laser per 
channel at no cost

Each 1.6T PE: 16 channels @ 100 Gb/s!
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IMDD Optical Links
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High-speed 
driver

High-speed RX

EIC

PIC

Data out

Fiber
PRXPTX

Ring 
modulator

Laser 
source

(PIN at λIN) Photodetector

Data in
iPH = ℛ.PRX
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Photodetector: Metrics of Interest 
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𝑪𝒊𝒏 = 𝑪𝑷𝑫+ 𝑪𝑻𝑰𝑨 + 𝑪𝑷𝑨𝑫

High-speed 
driver

High-speed RX
Data out

Fiber
PRXPTX

Ring 
modulator

Laser 
source

(PIN at λIN)

Data in

Photodetector

Key metrics affecting sensitivity and datarate include:

• Responsivity (ℛ in Amp/Watt)

• Photodetector bandwidth (CPD)

• Dark current/Shot noise

iPH = ℛ.PRX ℛ.PRX . 𝑹𝑭

𝟏 + 𝒋𝝎/
𝟏 + 𝑨𝑻𝑰𝑨
𝑹𝑭𝑪𝒊𝒏

𝒗𝑻𝑰𝑨 =

Gain

𝑹𝑭
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Photodetector: Metrics of Interest 
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High-speed 
driver

High-speed RX
Data out

Fiber
PRXPTX

Ring 
modulator

Laser 
source

(PIN at λIN)

Data in

Photodetector

Key metrics affecting sensitivity and datarate include:

• Responsivity (ℛ in Amp/Watt)

• Photodetector bandwidth (CPD)

• Dark current/Shot noise

𝑪𝒊𝒏 = 𝑪𝑷𝑫+ 𝑪𝑻𝑰𝑨 + 𝑪𝑷𝑨𝑫

iPH = ℛ.PRX ℛ.PRX . 𝑹𝑭

𝟏 + 𝒋𝝎/
𝟏 + 𝑨𝑻𝑰𝑨
𝑹𝑭𝑪𝒊𝒏

𝒗𝑻𝑰𝑨 =

Gain

𝑹𝑭

Input 
bandwidth
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Photodetector: Metrics of Interest 
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Key metrics affecting sensitivity and datarate include:

• Responsivity (ℛ in Amp/Watt)

• Photodetector bandwidth (CPD)

• Dark current/Shot noise

High-speed 
driver

High-speed RX
Data out

Fiber
PRXPTX

Ring 
modulator

Laser 
source

(PIN at λIN)

Data in

Photodetector

𝑪𝒊𝒏 = 𝑪𝑷𝑫+ 𝑪𝑻𝑰𝑨 + 𝑪𝑷𝑨𝑫

iPH = ℛ.PRX

𝒗𝑻𝑰𝑨 =

𝑹𝑭

∗
𝒊𝑫𝑨𝑹𝑲 + 𝒊𝒏𝒐𝒊𝒔𝒆
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Ge-based Photodetectors
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Ge-based PDs show high saturated responsivity, high bandwidth and low
dark current at moderate reverse bias.

0      10      20      30      40      50 

Normalized S21 Response* (dB)

-6

Frequency (GHz)

-4

-2

0

32 GHz

40 GHz

Rev Bias:
-3 V
-2 V
-1 V

*50 Ω terminated probe 

Ge-PD Si WG PD Si RRPD @ 

40 pm 

detuning

Resp (A/W) 0.9 @ -1V
saturated

0.6 @ -5.8V 0.23 @ -5.8 

Terminated  B/W 

(GHz) 

40 @ -2V 30 @ -5.8 45 @ -5.8

Dark current (nA) 100 @ -2.5 850 @ -5.8 100 @ -5.8

[Intel, JLT 2021]
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Si Waveguide Photodetectors (WG PD)
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300µ

Top view

p-Si

SiO2

SiO2C
o

n
ta

ct

Si Wafer

C
o

n
ta

ct

n-Si

Cross-section

P

N

Ge-PD Si WG PD Si RRPD @ 

40 pm 

detuning

Resp (A/W) 0.9 @ -1V
saturated

0.6 @ -5.8V 0.23 @ -5.8 

Terminated  B/W 

(GHz) 

40 @ -2V 30 @ -5.8 45 @ -5.8

Dark current (nA) 100 @ -2.5 850† @ -5.8 100 @ -5.8

• Si-only doped WG PDs demonstrate sub-band gap detection at high reverse bias.

• Resp and dark current increase with reverse bias: optimize bias!

Si WGPD 50 Gb/s NRZ eye*
*50 Ω terminated probe 

†0.45 mW incident power

[Intel, CLEO 2018]
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Si Ring-resonator Based Photodiode (RRPD)
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Ge-PD Si WG PD Si RRPD @ 

40 pm 

detuning

Resp (A/W) 0.9 @ -1V
saturated

0.6 @ -5.8V 0.23 @ -5.8 

Terminated  B/W 

(GHz) 

40 @ -2V 30 @ -5.8 30 @ -5.8

Dark current (nA) 100 @ -2.5 850 @ -5.8 100 @ -5.8

Top view

Ultra-compact

Si RRPD 50 Gb/s NRZ eye*
*50 Ω terminated probe 

• Resp and dark current increase with reverse bias: optimize bias!

• Resp and dark current increase with reverse bias: optimize bias!

1317         1318           1319                            

Wavelength-selective

Wavelength (nm)

[Intel, OFC 2020]
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Si Ring-resonator Based Photodiode (RRPD)
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Ge-PD Si WG PD Si RRPD @ 

40 pm 

detuning

Resp (A/W) 0.9 @ -1V
saturated

0.6 @ -5.8V 0.23 @ -5.8 

Terminated  B/W 

(GHz) 

40 @ -2V 30 @ -5.8 30 @ -5.8

Dark current (nA) 100 @ -2.5 850 @ -5.8 100 @ -5.8

-500          -300       -100                   

Detuning (pm)(λlaser- λring)

R
e
sp

o
n
si

v
it

y
 (

A
/W

)

0

0.1

0.2

B/W reduces as Resp increases

35 GHz

40 GHz

45 GHz

Lorentzian

0.23 A/W

40 pm

• Resp and B/W trend oppositely with optical bias: optimize detuning!

• Resp and dark current increase with reverse bias: optimize bias!

Si RRPD 50 Gb/s NRZ eye*
*50 Ω terminated probe 

Peak 
absorption 

Inc.

Dec.

[Intel, OFC 2020]

Top view

Ultra-compact
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IMDD Optical Links
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High-speed 
driver

High-speed RX

EIC

PIC

Data out

Fiber
PRXPTX

Ring 
modulator

Laser 
source

(PIN at λIN)

Data in
iPH = ℛ.PRX

Integrated

High power

Clean spectrum

Compact

Low driver swing

High B/W

High B/W and responsivity

Si-only photodiodes

Photodetector
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Outline

• SiPh platform for high-speed DCI

• IMDD optical links

• Photonic devices

• CMOS electronics for single-λ links

– 3-D integrated 112 Gb/s PAM4 CMOS-based OTX with Integrated laser and Modulator

– 100 Gb/s PAM4 CMOS-based mixed-signal ORX

• Wavelength-division multiplexing

• Future directions and conclusion
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IMDD Optical Links
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High-speed RX

EIC

PIC

Data out

Fiber
PRX

iPH = R.PRX
PTX

Ring 
modulator

Laser 
source

(PIN at λIN) Photodetector

High-speed 
driver

Data in
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MRM Challenge #1:Electrical Swing
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A high-swing driver is required for depletion mode MRM.

MRM Challenge #1:Electrical Swing
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> 2V
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A high-swing driver is required for depletion mode MRM.

MRM Challenge #1:Electrical Swing
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> 2V
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A high-swing driver is required for depletion mode MRM.

MRM Challenge #1:Electrical Swing
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MRM Challenge #2: Optical Nonlinearity

Static nonlinearity
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MRM Challenge #2: Optical Nonlinearity

Dynamic nonlinearity
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Nonlinear equalization is required to compensate for optical nonlinearity.

*NL-FFE is Nonlinear FFE

MRM Challenge #2: Optical Nonlinearity

Dynamic nonlinearity
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Single-λ 112 Gb/s PAM4 OTX
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112 Gbps PAM4 OTX in 28nm CMOS was 3-D integrated with

• silicon-photonic MRM and integrated laser 

• on-chip MRM thermal control.

[Intel, JSSC 2021]
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Benefit of Enabling NL-FFE PAM4
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NL pre-distortion + FFE provide a 1.4 dB improvement in TDECQ at 112 Gb/s PAM4.

EIC Pre dist./NL-FFE disabled

TDECQ = 2.8 dB

EIC Pre dist./NL-FFE enabled

TDECQ = 1.4 dB
TDECQ metric for PAM4 :
https://www.ieee802.org/3/bs [Intel, JSSC 2021]
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IMDD Optical Links

Slide 54

High-speed 
driver

High-speed RX

EIC

PIC

Data out

Fiber
PRX

iPH = R.PRX
PTX

Ring 
modulator

Laser 
source

(PIN at λIN) Photodetector

Data in
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100 Gb/s PAM4 Receiver: TIA 
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Shunt-TIA topology to overcome bandwidth limitation from input capacitance.
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100 Gb/s PAM4 Receiver: CTLE 
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Continuous time equalization to further improve the front-end bandwidth.

Slide 56
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100 Gb/s PAM4 Receiver: Bandwidth vs Noise 

Slide 57Slide 57

Integrated input referred noise:
2.5 µArms

25 GHz 3dB-BW

Front-end bandwidth can be traded-off to reduce integrated noise.
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100 Gb/s PAM4 RX: Effect of Low Front-end B/W
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Low bandwidth TIA introduces ISI and needs equalization.

53 Gb/s eye NRZ 
No EQ

106 Gb/s eye PAM4 
With Scope EQ
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100 Gb/s PAM4 Receiver: Mixed-signal EQ 
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Integrated input referred noise:
2.5 µArms

25 GHz 3dB-BW

DFE can help compensate low front-end bandwidth without noise enhancement.
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100 Gb/s PAM4 RX: Mixed-signal Equalization

Slide 60

On-chip 1-tap FFE for pre-cursor and DFE for post-cursors.
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100 Gb/s PAM4 RX: Mixed-signal Equalization
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Direct DFE instead of speculative DFE for first post-cursor.
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Direct Feedback DFE: Loop Latency

Slide 62

The first-tap post-cursor needs to be closed in one U1.

Quarter-rate

Baudrate

Interleaving does
not reduce latency
requirements!

1-tap

Post-cursor ISI

1
w1

1

-

-

-

Cancel out effect 

of w1 on next 

symbol with DFE
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Direct Feedback DFE : Wiring Complexity

Slide 63

Quarter-rate

PAM4 wiring complexity for direct DFE increases three times.

-

-
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Direct Feedback DFE : Wiring Complexity

Slide 64

PAM4 wiring complexity for direct DFE increases three times.

Quarter-rate

-

-

-

-
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Quarter-rate

Localizing the V-I conversion to a slice reduces complexity.

Direct Feedback DFE : Reduced Complexity

-

-

-

-

-

-

-

-
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Reduced 
sampler 

load

Direct Feedback DFE : Improved Slicer Latency

Shorter wiring leads to lower sampler load and improved DFE latency.

-

-

-

-
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Wiring capacitance adds to load cap of the ∫ summer improving latency.

Direct Feedback DFE : Integrating Summer Load

Integrating summer

Reduced 
sampler 

load-
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28nm CMOS 100 Gb/s PAM4 Mixed-signal RX

Slide 68

[Intel, JSSC 2021]

CMOS ORX is bonded with a III-V photodiode with 1A/W responsivity and 35 GHz B/W.
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Measured Performance

Slide 69

• First demonstration 100 Gb/s PAM4 mixed-signal CMOS RX.
• ORX has -8.3 dBm sensitivity and 3.9 pJ/bit efficiency.
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Single-λ High-Speed Link: Summary

Slide 70

100 Gb/s PAM4

28nm ORX

EIC

PIC

Data in Data out

Fiber
PRX

iPH = R.PRX
PTX

Ring 
modulator

Laser 
source

(PIN at λIN)
Photodetector

28nm OTX

High-speed Single-λ Link

– Multi-level amplitude modulation enables 100 Gb/s per-λ.

– Circuit-level solutions for 100+ Gb/s OTX and ORX in 28 nm CMOS.

High swing (> 2VDD)

High speed 

Nonlinearity compensation

Improved sensitivity

PAM4 mixed-signal EQ
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Outline

• SiPh platform for high-speed DCI

• IMDD optical links

• Photonic devices

• CMOS electronics for single-λ links

• Wavelength-division multiplexing

– 4-λ × 112 Gb/s PAM4 OTX

– Compact thermal control in WDM links

– 4-λ × 50 Gb/s NRZ optical link

• Future directions and conclusion



Intel Labs, PHY Research Lab Slide 72

WDM can dramatically increase per-fiber data rates.

Four-lane WDM O-band Hybrid-integrated TX
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Four-lane WDM O-band Hybrid-integrated TX

Slide 73

Four-lane O-band WDM TX with 112 Gb/s/λ enabled through MRMs.
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MRMs provide optical multiplexing due to their resonant nature.

Four-lane WDM O-band Hybrid-integrated TX



Intel Labs, PHY Research Lab Slide 75

Four-lane O-band MRM-based WDM OTX with 112 Gb/s/λ and 280 GHz λ-spacing.

∆λ = 280 GHz

Four-lane WDM O-band Hybrid-integrated TX
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Optical Modulators: WDM Application

Slide 76

Why MRMs?

• low swing, high-bandwidth and compact modulator for integrated SiPh.

• (de)multiplexing functionality for WDM without hardware overhead.

Driver swing Modulator B/W
Thermal 

sensitivity
Area WDM

MZM High High Low High
Separate 

(de)mux needed

EAM Low High Low Low
Separate 

(de)mux needed

MRM Low
High

(improved)

High

(temp control)
Very low

Ring resonance 

is WDM (de)mux
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∆λ = 280 GHz

Slide 77

MRM WDM Challenge #1 : Crosstalk

• Channel crosstalk limits ∆λ and # of wavelengths packed per ring FSR.

• Super-FSR can aggressively increase number of channels beyond FSR/∆λ.

• Crosstalk analysis: 

Effect of TX / RX ring QF

Role of photodiode nonlinearity

[Intel, JSSC: VLSI special issue] 

• Super FSR: 

Ultra-dense carriers muxed

onto rings on different buses 

[Columbia, ArXiv 2021] 
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∆λ = 280 GHz

Slide 78

MRM WDM Challenge #1 : Crosstalk

• Channel crosstalk limits ∆λ and # of wavelengths packed per ring FSR.

• Super-FSR can aggressively increase number of channels beyond FSR/∆λ.

Odd-λ

Even-λ

(Example: 2x carriers for fixed ∆λ)

∆λ

∆λ/2

• Crosstalk analysis: 

Effect of TX / RX ring QF

Role of photodiode nonlinearity

[Intel, JSSC: VLSI special issue] 

• Super FSR: 

Ultra-dense carriers muxed

on rings in different buses 

[Columbia, ArXiv 2021] 
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MRM WDM Challenge #2: Scalable Thermal Control

Develop scalable thermal control solution for MRM scalable to WDM applications.

Driver swing Modulator B/W
Thermal 

sensitivity
Area WDM

MZM High High Low High
Separate 

(de)mux needed

EAM Low High Low Low
Separate 

(de)mux needed

MRM Low
High

(improved)

High

(temp control)
Very low

Ring resonance 

is WDM (de)mux

[Intel, JSSC 2021][Oracle, ASSCC 2012] [Berk/U Colorado/MIT, JSSC 2016] [IMEC/KU Leuven, JSSC 2016]
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Outline

• SiPh platform for high-speed DCI

• IMDD optical links

• Photonic devices

• CMOS electronics for single-λ links

• Wavelength-division multiplexing

– 4-λ × 112 Gb/s PAM4 OTX

– Compact thermal control in WDM links

– 4-λ × 50 Gb/s NRZ optical link

• Future directions and conclusion
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MRM Challenge : Process Var/Thermal Drift
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Thermal control unit (TCU) adjusts ring detuning across process and temperature.

Slide 82

MRM Challenge : Process Var/Thermal Drift

*TCU is Thermal Control Unit
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Hybrid WDM: Scalable Thermal Control

Slide 83

Bias

Modulation

Average power at desired 
insertion loss – variations 
indicate resonance drift

Two sensors: detect the ring’s lock point and normalize any input power fluctuation.



Intel Labs, PHY Research Lab

Hybrid WDM: # Interfaces for Thermal Control

Slide 84

Eight extra pads for extra
input and thru-port MPD

Thermal sensors (thru/drop+input port monitors) add two EO interfaces per ring.

Bias

Modulation



Intel Labs, PHY Research Lab

Reverse-biased MRM is a PD that can be a thermal sensor for its absorbed power.

Slide 85

Compact Thermal Control : MRM as Sensor 

Desired 
Ins. Loss

Unique iPH
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MRM photocurrent is available at the diode nodes without additional interfaces.

Compact Thermal Control : MRM as Sensor 

MRM iPH sensor

Bias

Modulation

Desired 
Ins. Loss

Unique iPH
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TCU tunes the ring heater based on MRM iPH and desired insertion loss.

Compact Thermal Control : TCU Feedback Loop

*TCU is Thermal Control Unit

Desired 
Ins. Loss

Unique iPH
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TCU tunes the ring heater based on MRM iPH and desired insertion loss.

Compact Thermal Control : TCU Feedback Loop

*TCU is Thermal Control Unit

Desired 
Insertion 

Loss
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Compact Thermal Control : WDM Scalability

*TCU is Thermal Control Unit

Compact scheme based on MRM photocurrent as a thermal sensor suitable for WDM. 
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Thermal Measurement : Temperature Ramp

Slide 90

Thermal control scheme is verified by a temperature ramp.
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Thermal Measurement Results: TCU OFF

Slide 91

With the thermal controller OFF, the eye closes under a temperature ramp.

112 Gbps PAM4 @ 35◦C

M
R

M
 h

e
a
te

r 
b
ia

s 
(V

)

OFF

TDECQ = 0.63 dB, ER = 2.7 dB

Closed eye at
45 deg C
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Thermal Measurement Results: TCU ON

Slide 92

With the thermal controller ON, OMA is maintained with temperature ramp.

M
R

M
 h

e
a
te

r 
b
ia

s 
(V

)

OFF

ON

112 Gbps PAM4 @ 35◦C

112 Gbps PAM4 @ 45◦C

TDECQ = 0.63 dB, ER = 2.7 dB

TDECQ = 0.66 dB, ER = 2.6 dB

[Intel, VLSI 2021]
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OTX-only Measurement: 4-λ × 112 Gb/s PAM4 

Slide 93

Per-channel 112 Gbps PAM4 eye with > 330 uW OMA and < 0.65 dB TDECQ.

TDECQ = 0.63 dB
ER = 2.7 dB, OMA = 358 µW

Channel 1

TDECQ = 0.58 dB
ER = 2.4 dB, OMA = 330 µW

Channel 2

TDECQ = 0.63 dB
ER = 2.7 dB, OMA = 360 µW

Channel 3

TDECQ = 0.48 dB
ER = 2.8 dB, OMA = 370 µW

Channel 4

[Intel, VLSI 2021]
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Outline

• SiPh platform for high-speed DCI

• Photonic devices

• CMOS electronics for single-λ links

• Wavelength-division multiplexing

– 4-λ × 112 Gb/s PAM4 OTX

– Compact thermal control in WDM links

– 4-λ × 50 Gb/s NRZ optical link

• Future directions and conclusion
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4-λ O-band WDM Optical Transceiver

Slide 95

4-λ OTRX in 28nm CMOS with integrated thermal control for TX and RX rings.
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Optical Link Measurement: 4-λ × 50 Gb/s NRZ

Slide 96

• BER better than 10e-12 for all four channels with equalization enabled.
• Error-free operation for > 10 minutes with Tx+Rx thermal control enabled.

50 Gb/s NRZ On-chip eye plots

[Intel, ECOC 2021]
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Multi-λ High-Speed Link: Summary

Ring-based Wavelength-Division Multiplexing 

– Scalable thermal-control solutions

– 4-λ × 112 Gb/s PAM4 OTX

– 4-λ × 50 Gb/s NRZ optical link

Slide 97

28nm ORX

Data in

Data out

Fiber

Tunable 
Laser

28nm OTX

Ring-based MUX

Scalable Integrated TCU

Ring-based MUX Ring-based DEMUX
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Outline
• SiPh platform for high-speed interconnects

• Photonic devices

• CMOS electronics for single-λ links

• Wavelength-division multiplexing

• Future directions: WDM source, Polarization-Multiplexing, Packaging

• Conclusion
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8-λ Laser: ∆Pλ vs ∆T
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Ch1-4

Ch5-8
300u
m

1302

1       2        3        4        5        6        7        8
DFB array element #

W
a
v
e
le

n
g
th

 (
n
m

)

1306

1310

1314

22◦C
32◦C
42◦C
52◦C

62◦C

1290              1300            1310            1320
Wavelength (nm)

Power variation between WDM channels remains small for different temperatures.

62◦C

Absolute power varies but 
variation across channels is small

22◦C

O
p
ti

c
a
l 
P
o
w

e
r 

(d
B
m

)

-60

-40

-20

0

Absolute wavelength 
varies but ∆λ is constant

∆f = 200 ± 20 GHz
∆λ = 1.2 ± 0.1 nm 

[Intel, ISLC 2021]
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Scaling Data Rate: Polarization Multiplexed Links 
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Tunable PC

Laser PBC

MRM

MRM            Pol. Demux

TE

TE

TE
TE + TM TE + TM

PR

  

OC

PSR

PT PT OC

OC

TE*

   

TE

TM

[Intel, OFC 2021]

TE/TM: transverse electric/magnetic; MRM: micro-ring modulator; PR: polarization rotator; PBC: polarization beam 
combiner; PSR: polarization splitter and rotator; OC: optical coupler; PT; phase tuner. PC: polarization control 
photodetector; DCA: digital communication analyzer

Polarization multiplexing can help double the per-fiber data rate.
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Packaging for CPO

1.6T 
Photonic
Engine

2020 demo

100G

Pluggable

module

[Intel, OFC 2020]
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Packaging for CPO: Challenges

1.6T 
Photonic
Engine

100G

Pluggable

module

[Intel, JLT 2021]

High-speed XSR electrical link

Termal
management

2020 demo

Laser

Fiber Attach
• Alignment
• Robustness

Select

MRM

SSC: Spot-Size Converter

SSC

Thermal management

Heat spreader 
attached on PE top

PE top view

Die overhang

V-groove
on die
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Outline
• SiPh platform for high-speed interconnects

• Photonic devices 

• CMOS electronics for single-λ links

• Wavelength-division multiplexing

• Future directions

• Conclusion
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Co-packaged SiPh for High-speed Interconnects

Slide 104

Optical building blocks for IMDD

Integrated Lasers, Modulators and Detectors

Pushing IMDD data rates

• Single-λ links with PAM4 modulation 

CMOS OTRX to enable 100+ Gb/s per-λ

• Wavelength-Division Multiplexing

– Scalable thermal-control solutions 

– 4-λ × 112 Gb/s PAM4 OTX

– 4-λ × 50 Gb/s NRZ optical link

– Multi-wavelength integrated laser source

• Future directions: Polarization-Multiplexing

Packaging challenges for CPO


