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Key Research Areas
VLSI System

== VLS| architectures for deep Iearmng
and digital baseband applications

RF Integrated Circuits | iy
and Systems
== mm-wave/sub-THz IC, Ea”® 5 )
visible light communication e G\
and optlcal transcelver

Analog & Mixed-signal IC

R == low-voltage and low-
power analog IC for loT
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Smart Sensors and Reconﬁgu rable

Microsystems Computing System
o) ' ; -+ embedded system security,

performance and power efficient
multicore system

== vision, temperature,
humidity and gas sensors

Source: Qualcomm

== wireless power transfer and
energy harvesting IC
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HKUST ICDC Faculty Profiles
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Optical Wireless Lab (OWL & ) Chip Gallery
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Chip Testing Demo
A XA OT KL NAE T -H2%2 M4 (bilibili.com)
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https://space.bilibili.com/667218973?spm_id_from=333.337.search-card.all.click
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Short Course Outline

Background, Application, and Trend (BAT)
Transmitter (1x) [1x Ref]

Receiver (Rx) [Rx Ref]

Clock & Data Recovery (CDR) [CDR Ref]

Practical Implementation Techniques (P 1) [PIT Ref]
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Background, Applications, and Trends
for High-Speed Serial Links

Applications

Characteristics of the Architecture
Technology Choices

Performance Metric

Trends




Wireline and Optical Transmitter

* Architecture
— VCSEL Transmitter
— MRM Transmitter
— MZM Transmitter
— Wireline Transmitter
« Key Circuits
— Multiplexer (GitHub: 4-t01-MUX-for-28 Gbaud-Optical-TX)
— Output Driver
— Pre-emphasis
* Practical Issues
— EMI Suppression Due to CM Noise to Reduce Radiation Emissions
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Wireline and Optical Receiver

Motivation

— Electrical vs Optical Link
Architecture

— Wireline vs Optical Receiver

— ADC-Based Receiver

Key Circuits

— PD Interface

— Multiple Peaking in TIA

— Modified Cherry-Hooper Amplifier
— FFE and DFE Implementation
Practical Issues

— On-Chip LDO for Improved Sensitivity

Conclusion




Clock and Data Recovery and Clock Generation

* Architecture
— Overview of CDR and PLL Loop Configuration
— Why Single Loop”? How to Achieve Wide Capture Range Via Single Loop
— Why Dual Loop? Cascaded or Parallel? How Loop Parameters Are Determined
— Why Dual Path? Decoupling JTRAN and JTOL
« Key Circuits
— PAM-n PD(Github:_Jabdekhoda (github.com))
— VCO (Github: htips://github.com/WWANG-Li-lwangbk)
— AC-Coupled Sub-Sampling Charge Pump
— R2R Comparator (Github:_Jabdekhoda (github.com))



https://github.com/Jabdekhoda
https://github.com/Jabdekhoda
https://github.com/WANG-Li-lwangbk
https://github.com/WANG-Li-lwangbk
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Practical Implementation Techniques

Motivation
— Practical Implementation Techniques

Example 1

— A Performance Study of Layout and Vt Options for Low Noise Amplifier Design
in 65-nm CMOS [RFIC'12]

Example 2

— Differential Stacked Spiral Inductor and Transistor Layout Designs
for Broadband High-Speed Circuits [RFIT'14]

Example 3
— Package Design for a 10 Gigabit Ethernet Transceiver [DesignCon’2004]

Conclusion
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Wireline Link for Next Generation Ethernet

City
CDAUI-8. CDAUI-16 Central Office % 300
CEI-56G-VSR-PAM4 o A A
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Optical Interconnections for 5G Network

« Optical links for long-distance inter data center communication

* Recently, optical I/O is also evolving towards short-reach and even with
package communications

B A : DR/F P ourses 2024




VCSEL and Silicon-Photonic Optical Transmitter

lom ~ [10cm im J10m  [100m
Module/Package Intra-Board Intra-Rack Inter-Rack

Iti-mode opt
e.g., VCSEL
(e.g., MRM)

Data Rate Ethernet Standard Channels Modulation Scheme
VCSEL 400G 400GBASE-SR8 8 25Gbps NRZ
400G 400GBASE-SR8 8 50Gbps PAM-4
Single-mode 400G 400GBASE-PSM16 16 25Gbps-1: NRZ
optics, e.g.
Si-PH MRM 400G 400GBASE-PSM8 8 50Gbps-4: NRZ or PAM-4




Fiber-Wireless Network

Beyond Optical and Wireline

Evo. of Cellular Networks
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Mobile Network Generation

Urban Area Cell Range (m)

Fiber-Wireless Network

High speed
wireless link_~
physical or economic /
obstacles

Q

Densel
Metw,core Fiber link - Access : Y
: (ca. 20km) populated area

network 0 k\ |

[2] X. Pang, JLT 2014 Recovery & protection

5G mobile network requires ultra-dense cellular cells

Backhaul links deployment is challenging

Fiber-wireless networks provide high performance and flexible backhaul link connections




Wireline Rx: PAM4 vs. NRZ

- PAM4 Rx trades SNR for R
. .. 0.3 D DS TRE By
time/frequency efficiency o2 [ 1T
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« PAM4 Rx meets new design 2 o N
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Modern Wireline Transceivers

Low-power across a wide range of
channel losses for copper
interconnect

Transceivers for optical modules
focusing on low-cost and low-power

Relatively simple 2-PAM and
4-PAM modulation with linear and/or
decision-feedback equalization

Forward error control coding




Paving the Way to 200Gb/s Transceivers

* Optical Transceivers that are
Compact and Co-Optimized

Modulation and Codi ith Optical fiber
. ulati nd Coding wi .
Increasingly Co-Optimized 1 %‘%
DSP for Long-Reach N
Transceivers

« Extremely Short and
Within-Package Transceivers
Focusing on Low Power




Trend: Per-Lane Data Rate Growth vs. Year

« Data-rate per pin has
approximately doubled
every four years across
various 1I/O standards
ranging from DDR, to
graphics, to high-speed
Ethernet.
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Trend: Data Rate vs. Process Node

 PAM4 transceivers have
kept pace at 56Gb/s and
112GDb/s while taking
advantage of CMOS
scaling down to 5 nm for
more aggressive channel
loss compensation
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Trends: Bit Efficiency vs. Channel Loss

* Channel loss compensation
by different equalization
techniques

* Power efficiency better than
~1-2 pdJ/bit only for Short
Reach with < 20 dB loss

* Power efficiency ~5-10
pdJ/bit for Long Reach with
up to 50 dB loss
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EMI Issues in Advanced Data Center

* Most electronics generate electromagnetic emission

Mobile ? /N —
\ equipments
Dysfunctlon or D>
N crash
R« Cawty mode
: “ | and Quided
. * g modgflelds  oavity mode K
R ',' /é'ne‘,f f|e|dS
\\”:Ve '
l', ,”’ :'J@»s_.; 3
;o et M | Component
L .'@L.—;-*J_? o~ ;‘\«

http://www.xlim.fr/en/osa/e
Printed Board lectromagnetic-compatibility

» Electromagnetic interference (EMI) causes malfunction of the victim
electronics

 How to solve?
— Keep enough distance, be robust, and keep quiet




EMI Issues in Advanced Data Center
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* Front-side haven, but back-side disaster

* Thousands of paralleled communication modules
— Data rate of each module > 10 Gbps

« Complicated electromagnetic environment
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EMI Issues in Advanced Data Center
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High-speed backplane connectors roadmap
— Higher data rate?, higher data density1

For each backplane link
— Smaller physical dimension, closer distance
— Be more robust and guieter

.. . s . - . 4 LA ° L/ .- .' - .-




EMI Case Study in Bac

10.3125 Gbps diff. NRZ ~ RXIC

X

g Package/

:X:X:X: Connector

Il PiED

Backplane

Total radiated power (dBm)
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Frequency (GHz)

« EMI radiation of backplane communication module
— EMI radiations at 2fy,,uist, 4fnyquise: --- (€.9., 10 Gbps NRZ, fyy it = 9 GHz)
— Ideal NRZ" data has no frequency component @ 2fyyquist: 4fnyquists 6fnyquist ---

* NRZ = non-return-to-zero

« Distorted differential NRZ signals

40
[M. Rowlands,
DesignCon 2015]
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Section Outline

» Architecture
— VCSEL Transmitter
— MRM Transmitter
— MZM Transmitter
— Wireline Transmitter
« Key Circuits
— Multiplexer

(Now Opensource: https://github.com/HKUST-ECE-IC-Design-Center-OWL/SHARE-by-OWL-
HKUST-4to1-MUX-for-28Gbaud-Optical-TX)

— Output Driver
— Pre-emphasis
* Practical Issues
— EMI Suppression Due to CM Noise to Reduce Radiation Emissions

.. . s . - . 4 LA ° L/ .- .' - .-




* Architecture
— VCSEL Transmitter
— MRM Transmitter
— MZM Transmitter
— Wireline Transmitter

Section Outline
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A 56-Gb/s PAM-4 VCSEL Transmitter with
Piecewise Nonlinearity Compensation
and Asymmetric Equalization




Non-idealities of VCSEL

° Bias current T! E/O gain l EIE)“Gain Nonlinearity of VCSELs

— Gg> Gy > G;

* Bias current 7, E/O BW 1
— BWg < BW,, < BW;

 Asymmetric rise/fall response

— Trise < TraLL

e

Output Pow

00 01 10 M
Input Electrical PAM-4

Output Optical PAM-4

Freqﬁency

Bandwidth Nonlinearity of VCSELs




VCSEL Modeling

Verilog-A Part
dN(t) I(t) N(t) N(t) — Ny
|~ e OTremso’® E
e == e len(r)  N00: Carer denalty

--------------------------------------------------------------------------------------------------------------

« V,: volume of active region, « g: gain compression factor,
« 1, carrier lifetime, * [: optical confinement factor,
* go- gain slope coefficient, « B: spontaneous capture efficiency,

* N,: transparency carrier density,
* 17,: photon lifetime,

g: electron charge.




Power (mW)

Simulation vs. Measurement
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Prior VCSEL TX Works

« DAC-based FFE[I2]

<
N

PRBS [ | DAC-based |  |Re-timerand Output
Generator FFE Serializer Driver
Clock Path
. Serializers for Main-
PRBS FFE Tap and FFE-tap of MSB || output
G —| Generator ) >
enerator and Re-timer | ,| Serializers for Main- | | Driver
and FFE-tap of LSB |

— Large die area
— High link latency

« Analog asymmetric FFEDRIA]

%

Clock Path

[1] A. Tyagi et al., PTL, 2018

»
pYA

[2] P.-J. Peng et al.

, JSSC, 2022

G
N

— Cannot fully compensate for
VCSEL non-idealities

[3] J. Hwang et al., VLSI, 2019 [4]H. Do etal., ASSCC, 2021
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Proposed Compensation Methods

« Thermometer code-based architecture for piecewise compensating E/O gain and
E/O BW nonlinearities

« Asymmetric pre-emphasis for relieving asymmetric optical response

Top Slice w/ Adjustable Gain Nonlinearities of VCSELs
H> . . = I
Binary’ - and Asymmetric Equalization \ . :
Input | > | Middle Slice w/ Adjustable Gain and "@" ﬁ : !
Binary | % Asymmetric Equalization / ';: ! i :
Input || Bottom Slice w/ Adjustable Gain and}/ |/ IRV Pl s i
Asymmetric Equalization /! o\ D G SN Inias!
I
oo '
1 11,
|
|
] L
' 10 :L
| 01%
| 00:
I
|
|




VCSEL TX Architecture

|
| I
| 4 Data Path ! o Data path
: o Top Slice (T) — !
i _ E 12 2 2V E — 2-tap FFE
o) : . —
| g | |uw | [WddleSlee Y atl foos Rretw : — Gm cell-merged CTLE
! c g E s i/- - I Bondwire _ _ _
v 18 [P & [ Retimer |4 Pre-omp. @ — Pre-emphasis circuit
: g E 4:‘ <L Gm /4
=] | S ' o] Main-tap * Clock path
1 © 12§ | 2{ | :
| c ]
: o 2, Bottom Slice (B) T -osv — Wideband PLL
I - | .
. A 2 | — Clock tree with VCDLs
: — Clock Tree - Bias Circuit : i
: T, ) : * Optical part
: Phase-locked Loop - I’c : _
| Clock Path Bias & Control | — Wide-bonded anode-
. driven VCSEL
Reference Clock Input
3/ DR ourses 20 : 0 O : de




Measurement Overview
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A — PRBS Generator + Binary-to-therm. Encoder

B — Re-timer + 4-to-1 Multiplexers
C — Phase-locked Loop

D — Clock Tree

E — Output Driver

F — Bias Circuit + I2C

* Transmitter core occupies ~0.1 mm?
Consumes 115 mW at 56-Gb/s PAM-4

Fabricated in 40-nm bulk CMOS

Power Breakdown
PLL, 7 mW

Output Driver,
24 mW

Clock Tree,

34 mW 2.05 pJ/b

at 56-Gb/s
PAM-4

Binary-to-therm.
Encoder, 4 mW

Re-timer and
4-to-1 MUXs, 46 mW




Measurement Setup

* A commercial VCSEL wire-bonded with the TX for optical

measurements

« The optical signal is butt-coupled to the multi-mode fiber

DC Power Supply
(Keysight E36312A) Oscilloscope
T (Keysight N1000A)
[ Off-chip LDOs ] t B
l Data
Oscilloscope sdaout
(Tektronix TDS2024C) [ olE converter
. scl 2.m OM2 'l (Keysight N1092A)
[ Labjack U3-HV ” MMF ~
J sdain” —

- I CLKP| |CLKN
;II AWG
7 (Keysight M8196A) J

] Trigger Clock

Measurement

Setup

Y G
':I.\@

4 'scilloscope foriData

%
O

~
3




dth: 12.
1: 0  Horizontal Skew: 4.76ps

(a) EQ OFF,
Equal Slice Gain

Avg. Height/Width: 44.44uWI7.21ps
RLM: 89% Horizontal Skew: 1 .83sz
(c) EQ ON, Equal Slice EQ,
Piecewise Tuned Slice Gain

Measurement Results

Response w/
Equalization

Response w/o
Equalization

ife ” o,

] — Poa

RLM: 65% Horizontal Skew: 1.89ps|

(b) EQ ON, Equal Slice EQ,
Equal Slice Gain
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Comparison with Prior Works

PTL’18

A. Tyagi et al.

JSSC’22
P.-J. Peng et al.

VLSI’19
J. Hwang et al.

ASSCC’ 21
H. Do et al.

This work

CMOS Node [nm] 65 40 65 40 40
Architecture 1/2-rate 1/4-rate 1/4-rate 1/4-rate 1/4-rate
Signaling Scheme PAM-4 PAM-4 PAM-4 PAM-4 PAM-4
Data Rate [Gbps] 50 56 64 64 56
OMA [mW] 2.00 0.81° 2.50° 1.08" 1.18°
Power effi. [pJ/b] 5.12 1.73 2.69% 2.09 2.05%
Core Area [mm?2] 0.31 0.47 0.28 0.16 0.10
Asymmetric 2.5-tap DAC- | 2-tap DAC-based | 3-tap LSB/MSB- 3-tap LSB/MSB-  2-tap FFE +
. e based Asym. | CTLE + Pre-
Equalization based FFE FFE based Asym. FFE i
FFE emphasis
Nonlinearity Full Full Partial Partial Full
Compensation
Method Type Digital Digital Analog Analog Mixed-signal

*3-dB butt coupling loss de-embedded

#Includes on-chip PLL

» A » . »

e A




Conclusion

A PAM-4 VCSEL transmitter in 40-nm CMOS

« The piecewise nonlinearity compensation improves optical eye height/width and
RLM by 14%/12% and 38%, respectively

 The asymmetric equalization scheme reduces the horizontal optical eye skew by
63%

« The transmitter achieves a power efficiency of 2.05 pJ/b at 56-Gb/s PAM-4

« The core occupies a die area of 0.1 mm?
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A 56-Gb/s PAM-4 Transmitter Using Silicon
Photonic MRM in 40nm CMOS




MRM Characteristics

0.04

Normalized electro-optical S21 [dB]
Normalized Power
0.02
. 'f . . .

S

1 9]
R

| < .

IL (dB)

S21 with bias voltage
— 0.0V
gl—-1.0v S S HUR— ; g ' ' ; ‘
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« High voltage swing for « Bias-dependent E-O BW « Nonlinear E-to-O conversion
large extinction ratio (ER) ~ « Equalization needed « Independent level adjustment
* High-swing voltage mode
driver needed
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Transmitter Architecture
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« For PAM-4 implementations, nonlinear E-to-O conversion results in unequal eye-heights
* Quarter-rate structure to balance the power and complexity
« Thermometer-coded topology is used for independent single-eye-height adjustment




Optical Simulation Setup
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« Custom-designed Verilog-A model is replaced by the model provided by the foundry
« Commercial software Ansys Lumerical INTERCONNECT is used for simulation
« CW lasers, edge couplers, and straight waveguides are included in the simulation




Simulation Results

Before swing adjustment After swing adjustment
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Simulated electrical PAM-4 eye diagram at 56 Gb/s
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Simulated optical PAM-4 eye diagram at 56 Gb/s
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Retimer &

4 MUX Array
12.7mW

M
MRM Driver & = 28.0mW PLL

Level Shifter / 6.8mW
PRBS

Generator

~ Clock

Buffer

* The electrical output can result
In unequal optical eyes due to
nonlinearities of MRM

« Single-eye-height adjustment
combined with accurate optical
simulation is necessary

* Power consumption: 71.5mW
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Performance Summary

PTL18 JSSC’15 MWSCAS’19 JSSC’20 This Work
Data Rate (Gb/s) 56 25 25 10 56
Modulation Scheme NRZ NRZ PAM-4 BPSK PAM-4
Output Swing (V) 1 4.4 24 1.55 3.1
Electronic IC Process 28nm FRSO! 65nm CMOS 65nm CMOS +onm SOl 40nm CMOS
CMOS CMOS
Optical Simulation N/A Verilog-A imec ISIPP50G N/A imec ISIPP50G
Energy Efficiency (pJ/bit) 0.71 4.54 1.6 2.3 1.28
FOM? (pJ/(bit-V)) 0.71 1.03 0.67 1.48 0.41
2 A : YR > 5 ac 20 - P " O de 49




Conclusions

A 56-Gb/s PAM-4 optical transmitter using a silicon photonic MRM

 Thermometer-coded topology used for independent single-eye-height

adjustment

 Pulsed tri-state inverter-based 4:1 MUX releases the bandwidth constraint

» High-swing voltage-mode driver with swing adjustability achieves large ER

« E-O co-simulations are performed using device models from the foundry to

optimize the TX design
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Motivation

Intra- Intra- Intra- Inter-
Applicaions | Module/Package J- board _rack+ data Center data Center
| | | | | | | |
Distance 1mm 1cm 10cm im 10m 100m 1km 10km

Medium Electrical
Data Rate (DR) & Distance
Limited by Channel Loss

Multi-mode Optics
DR & Distance Limited
by MMF Dispersion

Single-mode Optics

Low fiber dispersion and

thus longer distance -

e.g. A Typical Single-mode Optical Link

----------------------------------

Linear Transmitter
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Design Challenges for Linear TX

((6)

Back End Linear Transmitter Optical
Modulator
. = Sub-DAC AMUX |
DSP i —
{ sub-DAC FFE

Large output swing for high optical extinction ratio
High linearity to support advanced modulation schemes for high data rate
Equalization to compensate for high-frequency loss from E/E and E/O

interfaces
Analog serialization to relieve BW requirements for DACs

Fiber




Transmitter Architecture

- AMUX-FFE
Output Driver — Serializes data streams
ﬂ from half rate to full rate

< — Generates equalized

\ > :I signal with a tap generator-
f;— less re-config. FFE

¥ * Output Driver

Bias and Control

— Linearly amplifies signal
swing using a dynamic
triple-stacked topology




Measurement Results

o : I Output St )
The whole transmitter supports a maximum UeR0

output swing of 7.3-Vppd @ 56-Gbaud NRZ —740 mW

AUX-2 Stage, -

« With FFE, 56-Gbaud 4.2-Vppd PAM-4 is also 110 mw

achieved, with 1.78-W power consumption AUX-15tage, gmitter Follower,
90 mW 280 mW

R i——. e . ——— |

Cleviadeps

56 Gbaud with FFE Off 56 Gbaud with FFE On 56 Gbaud with FFE Off

l+—>14.46 ps RLM: 85%




Performance Summary

TMTT’17 JSSC’20 BCICTS’21 BCICTS 22 This Work
P. Rito et al. A. H. Ahmed et al. A. Fatemi et al. F. Iseini et al.
Technology 130-nm SiGe BiCMOS | 130-nm SiGe BiCMOS [ 130-nm SiGe BiCMOS | 130-nm SiGe BiCMOS | 130-nm SiGe BiCMOS
f; / fuax [GHZ] 300/500 250/NA 300/500 380/520 250/340
Output Impedance Matching [Q] 100 100 100 100 100
Equalization NA NA 1-tap FFE NA Reconfig. FFE
Serialization NA NA NA NA 2:1 Analog
Maximum Ouput Swing [V, ] 4 6 4 . . 2 7.3
@90-Gb/s PAM-4 @64-Gb/s NRZ @64-Gb/s Duobinary | (estimated by P1dB) @56-Gb/s NRZ
Maximum Data Rate [Gb/s] @3-322 NRZ @2.4-v1$ PAM-4 | @4V, ?)4uobinary @1.2-v1::; PAM-4 @4.z-v1,ptd2 PAM-4
Data Rate-Output Swing Product [V-Gb/s] 360 384 256 256 470
Driver THD 3.8% 3.6% 5.5% 6% 1.6%
@1GHz, 3V, @1GHz, 6V, @1GHz, 4V, @5GHz, 2V, @1GHz, 6V,
Driver Gain [dB] 125 30 (with VGA) 24 18 17
Power Consumption Driver 550 1000 1030 280 1040
[mW] AMUX NA NA NA NA 740
FoM# [bit/s/Hz] 0.00818 0.00397 0.00414 0.00217 0.00867*
YEoM = Maximum Data Rate ' (Output Swing @ Maximum Data Rate)?
f; 8 - Output Impedance Matching - Power Consumption
2 A > DR/E »




Conclusion

A linear transmitter in 130-nm SiGe BiCMOS for optical modulators
« Tap generator-less re-configurable AMUX-FFE
* Dynamic triple-stacked driver topology

* Demonstrates 7.3-Vppd maximum output swing @56-Gbaud NRZ
Supports 56-Gbaud 4.2-Vppd PAM-4

Achieves the best FOM among linear TX/drivers in the same node
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Beyond 200Gb/s Wireline Transceiver

Source: ISSCC Forum 2024-Forum 6.3, Intel




Data-Rate (Gb/s)

CMOS Electrical Links in the Past 21 Years

0 Both speed and efficiency have scaled by >21x in the past 21 years!

Data-Rate
1000
® RX
® TRX
. ®
e TX
100 ofgo o -
0'..... .
®
® 'o"".l
e o.
10 doo o O'O *
1
2000 2005 2010 2015 2020

Year of Publications

Energy Efficiency Full Transceiver FoOM
1000.0 10
® RX ® TRX
2 100.0 * TRX
= ' * % ® TX
- o0 ¢ o ) °
= ®ece ¢, i, T
e o o, o) ° * :
s 100 ¢ o :,* . o °s S . °
o ‘ ' ' ' ! 2 L . 9
o e o . °,8s S o . o®
2o * . "8‘ S .
o o ":o e . P4
c 1.0 . ° . ™
W o L ] 0 L ]
Py ° o... ® -
. ' *g°
® ® o2,
0.1 0.1 e o°
2000 2005 2010 2015 2020 2025 2000 2005 2010 2015 2020 2025

Year of Publications

From ISSCC/VLSI (2002-2022) [1-40]

Year of Publications




100+Gb/s SerDes PHY Examples

FPGAs, NW-SW SOCs, ASICs, IPs, ...
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Modulation for Wireline TRX

[0 Modulation > PAM-4

B Best SNR SNR and power performing at tested channel

Backward compatibility

]
B Electrical to optical compatibility
]

Testing methodology and equipment maturity/availability

Data Ratem Gb/s 224 224 224 224 224
PAMnN Levels 5 6 ¥ 8 16
Bit per symbol 2.3D 2.58 2.81 3.00 4.00
Symboe Rate (GS/s) 96.47 86.66 19.79 74.67 56.00
Ul (ps) 10.37 11.54 12.53 13.39 17.86
Nyquist Freq 48.24 43.33 39.90 3.3 28.00
SNR Delta -2.50 -4.44 -6.02 -7.36 -13.98

Source: "PAMn vs Channel and FEC investigation for 224 Gb/s”, IEEE P802.3df Ethernet Task Force

DR/F . ourses 2024




Key Challenges of 224-Gb/s PAM-4 Wireline TRX

» Ultra high circuit BW > 56Ghz 224Gb/s PAM-4

« UI=8.9ps -> extra-low random jitter
< 100fs

* Developing Analog to Digital converter
sampling in 112GS/s (like high end scope)

» Developing Digital to Analog Converter
working in 112GS/s with low noise (like
high end signal generator)

J. Kim et al., ISSCC 2021

» Package, channels IL and reflections




Why DAC-ADC TRX for 224Gb/s

At 224Gb /s data-rate, we need to deal with

[0 Tough channels with higher 56GHz Nyquist
m Higher insertion loss (package, board, connector, etc.)
m Critical reflections at many Uls later than the cursor (large package and short UI)
® Sharp roll-offs or some notches
B Non-ideal smoothness (ripples in insertion loss)
O Implementation
B Analog DFE loop timing in RX can not be done with a Ul=8.9ps

Need more powerful and flexible channel equalization for good BER

- Need many-tap TX/RX FFE, continuous time EQ, DFE, sometimes advanced
equalization (sliding-block DFE, MLSD, etc)




112/224 Gb/s DAC-ADC TRX Architecture
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E.g., A 224-Gb/s DAC-TX Architecture

7b-
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Section Outline

« Key Circuits
— Multiplexer

(Now Opensource: https://github.com/HKUST-ECE-IC-Design-Center-OWL/SHARE-by-
OWL-HKUST-4to1-MUX-for-28Gbaud-Optical-TX)

— Output Driver
— Pre-emphasis




4-to-1 Multiplexer

Functions
— 4 quarter-rate data streams — 1 full-rate data stream
— Controls tap interval of the 2-tap FFE

Bottom Slice
[ —~Middle Slice
[ —Top Slice

Main-tap Path

Mux |— _XD<n> o<t}

2 i
O B |
Q E Pre-emphasis
= Circuit
U = s
'g',l‘ lbac<3:0>
: i DAC .
— :>(D<n+1>)E(D<n+2>>'(
Pre-tap Path | _.-¥ FirstStage
E.-_""

- --
-“. *-.--
- ---
T -—-
"Tesssssssss=s




4-to-1 Multiplexer

Principle

— Implemented by cascading two-stages of 2-to-1 MUXs

— 1ststage 2-to-1 MUX serializes Dy~D5 to D, and Dq

— 2nd_stage 2-to-1 MUX further serializes D,and Dq to OUT

First-stage Serialization

Do)( a X e X X
Do, —| 2-to-1 o X b X1 X
0= &-L0~-
D,—| MUX CK, I R
o D__ _XaXbXeXFX X X
CKoCKiso . ' |“atiw POUT
MUX D, X ¢ X g X
D,—{ 2-to-1 Pa D: _X Xd X h X
D;—| MUX CKso CKaro CKiso | | L I_, I—
3 Dq X X e XdXgXhX X
CKis0 CKo

Time window when CK, is high

Time window when CK,g, is high

Second-stage Serialization
D XaXbXeXFT XXX
Cko | [ L[ LT 1_

Dq C d h
CK270 | | I | I I I_
ouT _X_X XaxbXc)XdxeXfXagxhx X X

Time window when CKy, is high

Time window when CKj;, is high




4-to-1 Multiplexer

* Output distortion issue

— T1: delay from CK, (CK,g,) to OUT
— T2: delay from CKgy, (CK,;) to OUT
— T1 # T2 — duty cycle distortion of the output

Do X

CK,

CK180_ ' ':T .
D XX X e X I X XX
Do — XX e X d X g X h XXX

CKgo | ]
'-.Tg," I
CKzro {
v
ouT SOORBEE@EEE@EOOC0
W




4-to-1 Multiplexer

1ul

 Output distortion issue cK, -
— T1: delay from CK, (CK,g,) to OUT CKrgg N

— T2: delay from CKgy, (CK,;) to OUT D, X a X b )( XTX X )(

— T1 # T2 — duty cycle distortion of the output Dq X X c X d X g Xh X X
CKgo . H

'-,Tz.: _
CK270 Pl

ouT .IQDGG}GQO{DIQQ

[ ] [] [} [ ] [ ] L] . .
e e e e e S e e o i

Wi W WW W, W W, W,




4-to-1 Multiplexer
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Second-stage 2-to-1 MUX
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Output Driver for MRM and MZM

Level Shifter

_____________ Swing

y; 144fF \\ Control | I
[ :
Din DQ " Vin_H DC

+
Vti<0:2>

500 1500 2500
Time (ns)

vdd

‘\N\';U
o
>
S
= %
o

Vtib<0:2>
+
S S Vin_L '
= Vem ref = in_
sl et g >0
o o
- - =
L I 50.0 150.0 250.0
Time (ns)

Multiple transistors are stacked with the middle devices biased at Vdd to achieve 2xVVdd output swing
3-bit swing adjustability is achieved by combination of binary-weighted driver slices

Resistors of ac-coupled level shifter are replaced by diode-connected transistors and their replicas
By tuning Vcm_ref, the average output voltage can be adjusted and set equally




Output Drlver for MRM and MZM

2Vvdd ——W .
R —|>o—|:| “  — MRM driver represented by a first-order RC
<::| Vg }% and optimized with the output network
1 ICS . — With a 220Q-Rshunt, BW is extended from
) ' 4%0—41 18.6 to 22.4 GHz with a 3.2-dB dc gain
wvad | - =5 reduction
1
RS : RL Rdamp Dkg 0.0
; A YW T 000 J_ ﬂ
PIITT Il sl
= - i N - MR;I i' T _]_‘! > || Parameter | Value
: External Electrlcali T ; i g -8.0° R, 30Q
}_2Vdd : Supply Model i > i § 4 C.. 3pF — Repyunt=0
¢ Rs IR Raamp  SRo Lyg 7 ® o0l R |20k | R,,,.=2200Q, Gain: -2.1dB
A cl LT Coaa | 351F Rh t=120n Gain: -3.2dB
i | 16 Frequency (Hz) 106
Output Drivers i Output Network quency
) 0 U 0 U = o=

* Output network




Output Driver for VCSEL Embedded in a 2-Tap FFE

* Pre-tap gm cell
— Cascode structure for preventing breakdown issue
— Tunable tail current source and degenerated variable resistor for gain adjustment

Bottom Slice

|  ~Middle Slice
' —Top Slice
Main-tap Path | G0 | || e ____.
| 4-to-1 | To Dummy To Output |
:: MUX —>:>'( D<n> XD<"+1>)E<: > i Lcagd Load E
— : : | M3 MET !
: ] ! |
g s ‘\ s 5 s | e i
— : : : y [ i
2_ = gﬁm \ § § [Pre-emphasis] : L Y L i
— ' ' ' - . |
-U = Csz E g i Circuit : INPO—”: 4‘2:]":“ 4%%“ :“—oINN E
m ( E g i : M1 R1 M2 !
— : s j lpac<3:0> ' —— W !
= — : : : | : i
—{ 4-to-1 5 5 5 l M D !
| 3O |— XD<n+1>XD<n+2>X : !
__| Mux e ]
Pre-tap Path \ |«

®
- o”
-------




Output Driver for VCSEL Embedded in a 2-Tap FFE

* Main-tap gm cell
— Transistors size 2.5 times larger than pre-tap gm cell
— Source-degenerated capacitor for BW extension
— Pre-emphasis circuit for optical eye skew mitigation

Bottom Slice

| -Middle Slice
[ —Top Slice
- Main-tap Path by T T FeGuea 1 TTTTTTTTT TS

:: 4N::LOJX1 _,:X D<n> XD<n+1>)C >

|
|
:
|
(N |
('_) — ..1: jl "w | ’“‘flll
O HElCKy S \ | ' Ve
g ECK18° i Pre-emphaSiS EIN o_ll: 10575 113:pm
ol = \ a Circuit | 12em gy %onm
= - = M
raaneat| s : L] m
= g 5 |DAf<3:o> \ ! A
— a s s 1 '68 ‘gg
H ' q . |
] 4“;:8;(1 —>:>'(D<n+1>XD<n+2> — ‘.\ i _____ = =
— | ‘\
Pre-tap Path =

S
S
.....
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Principle
— INN T — lveseL | — INN & INp gejayeq POth high — A sharp current pulse |, generated

To Dummy
Load

40nm

|Npo—||: 10pm
M1

I % I

R1

Pre-emphasis Circuit

To Output
LoAad

i e

10 .
oo o

M

®

4
c1

INN
r 3

— 4x Y4 2x Y4

<« M1« m12 =

—1 4X 2X

[ M83 :I MQQ:I

— 4x 4Hp2x YH

-~ < -]
M5 M6 M

Simulated Optical Eye Diagrams




Section Outline

* Practical Issues
— EMI Suppression Due to CM Noise to Reduce Radiation Emissions
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Analysis on EMI Related Common-Mode
Noise of Serdes Transmitter




What is EMI?

* Most electronics generate electromagnetic emission
AN

Mobile Y
~ \ 4s equipments <;
o @ Dysfunctlon or |>.
b el crash
?\'& : CaWty mode
HPM sourc e b anc(ij Idl?:ld
% SN mode/IeldS  cavity mode X
¢ ,"P/,;,) fields
\:\@wiy = ﬂ‘
I, e
"' '/ .'.}'3—.&:- 0
3% y Component
L RS aed '\ﬁ
http://www.xlim.fr/en/osa/e
Printed Board lectromagnetic-compatibility

« Electromagnetic interference (EMI) causes malfunction
of the victim electronics

* How to solve?
— Keep enough distance, be robust, and keep quiet




EMI in Modern Data Center

17

I | //!

| e e B il
-_" 2 Y 4

“ ~
=
s |
-
-
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-
-
L
-

www.cisco.com/c/r/en/us/internet-of-everything-ioe/data- https://avi.alkalay.net/2015/08/cloud-enabling-innovation-in-the-
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* Front-side haven, but back-side disaster

« Thousands of paralleled communication modules
— Data rate of each module > 10 Gbps

« Complicated electromagnetic environment




400

Backplane data density
(Gbpsl/inch)
o
o

-
o

Increase of Data Density

Data density = Predicted
Data rate per lane x No. of lanes 56'Gbps’_*.
Physical dimension | __.°"
25-Gbps
Impact™
Z-PACK TinMan™

5-Gbps

VHDM-HSD™

5 10 20 30 40 50

Data rate (Gbps)

22,

http://www.molex.

com/mx_upload/fa

mily//NEW_BP_Roa
dmap.pdf

,,,,
W >
|||||

* High-speed backplane connectors roadmap
— Higher data rate?, higher data density?

* For each backplane link
— Smaller physical dimension, closer distance

— Be more robust and quieter




EMI Case Study in Backplane Link

-60 -
TXIC 10.3125 Gbps diff. NRz ~ RXIC
x \ 3
11] 1 : !
ﬁ Package/’ ﬁ g
- 2
-]
2
\ \ B 80k i
S
Vi o
2 :X:X:X: Connector ©
° : : :
90 i i i
0 10 20 30 40

Backplane

Frequency (GHz) [M. Rowlands,
DesignCon 2015]

« EMI radiation of backplane communication module

— EMII ;‘adiations at 2fyyquist: Ynyquise: -+ (€.9., 10 Gbps NRZ, fy, it = 9
Z

— |deal NRZ" data has no frequency component @ 2fnyquist Hiyquist:

6fNyquist ..
* NRZ = non-return-to-zero

 Distorted differential NRZ signals




EMI Case Study in Backplane Link

-60 .

TXIC 10.3125 Gbps diff. NRz ~ RXIC . | i | I |
. Ideal differential NRZ
\ \ é spectrum
0 O T -70}
S Package/’ = g
= 2
T
i)
\ \ S .50/
T
e
Via Connector s
X X X 2
-90 : : :
0 10 20 30 40
Backplane Frequency (GHz)

« EMI radiation of backplane communication module

— EMII ;‘adiations at 2fyyquist: Ynyquise: -+ (€.9., 10 Gbps NRZ, fy, it = 9
Z

— Ideal NRZ data has no frequency component @ 2fy,quist: 4fnyquist:
6fNyquist -

 Distorted differential NRZ signals




Previous Works

CM noise dominates EMI radiation [Mi¢ll7]

— “Passive” solutions for CM noise suppression
CM Filter/Choke, BW < 5 GHz PCB structures (CM band-stop 5-10 GHz)

oooooooooo Diffes mode Perspoctive view “”‘f RP Side view of unit cell

| w: width of differential line
s: spacing

Lower Reference Plane (LRP) - _- K e ?
[Mul’ata, CM Choke] " Reference Plane (PCRP) [Kl m’ TE MC 2016]

— Current solutions: “find and patch”
— How about eliminating the CM noise source of EMI radiation?

Pioneer: Acimovic
— In DesignCon 2007, he first described the CM noise at 21y, st
— No detailed analysis or verification

— Passive CM filter solution

* “Novel Band-Stop Common Mode Filter For High-Speed Digital Data
Transmission”




What is the signal
distortion that causes EMI
radiation?




Distorted Differential NRZ Signals

'
N

P

trise trise
« 4 types of distortions in differential (diff.) NRZ data
— Case |: Inter-channel amplitude mismatch
— Case ll: Inter-channel skew
— Case lll: Inter-channel bandwidth mismatch (rise time / fall time)

— Case |V: Intra-channel edge mismatch (rise time / fall time)




NRZ Signal Distortion: Case I/ll/lli

Amplitude mismatch
— Ampp = 0.8 - Ampy
Channel Skew

e
-

,Amplitude (V)
o

o
-

— tskew = 10ps

. 0 ' _20:0p " 400p % " 106 20G
Inter-channel bandwidth Time (s)
mismatch coq =
< 1 1 1
—_— BWP < BWN § ' [\ L
P _ ,P N _ 4N 2 .
— Lise = tfall > Lrise = tfall g v .' V_
. . . ] e e -
Similarity — —
0 200p 400p 0 10G 20G
— Polarity of CM signal is Time (s) Frequency (Hz)
data-dependent | Case I
. - =N——CM = Lt —CM
o i 1 i 15 %0 S e d s 0
spectrum I U L P A, ke
— Linear distortion S A I |
-0.1 g :
0 2000  400p 0 " 106 20G
Time (s) Frequency (Hz)

. v . s . - . 4 U ° LA 2 - . . -




NRZ Signal Distortion: Case IV

QO Case IV
....... P—. - N—CM <) CM Noise -60 [DeﬁgnConiOlS]

;01 <= e 3 e ?s 804 i £ ‘ ‘
~ I : / . m s

("] : | ) 5 = 70

S ¥ l 7 < 60 :

- : . ‘. ) 2

s ° V 340

; y V] £

0.1 4 :.‘-._.-.-.— = g 20 8'900 10 20 30 40
H H E 0 | | H | Frequency (GHz)
0 200p 400p 0 10G 20G
Time (s) Frequency (Hz)
* Intra-channel edge mismatch QO Non-linear distortion
P N . .
- tflse = tyise > tiau = tal 0 New noise tone @ 2fNyquist
independent

the noise at 2fy ..
— Large noise tone @ 10 GHZ (2fy,quis) Nyquist




Calculate the CM Noise @ 2fy, st

* Fourier transform of CM signal, F(N(t))
— F(N(0) = F(x(t) * c(t)) = F(x(2)) - F(c(2))

* CM noise @ 2fnyquist

Amplitude

— F(ZfNyquist) = F(TL)

d I e G
. A ' :
« Aand T, is calculated as *" — 1~ i
I
— 4= Amp ‘ ‘trise o Z’fall‘ X(t) C(t) 1
_ ]—;r — maX(trise’ l fall ) E T1_':ET2§<_= Ter Ta 0 To 20037
U 0 U




Fourier Transform of CM Signal

* CM signal

1 OO =X - F()|= X ()

F.(f) =1
iAT\g sine* QT p). 4
 MATLAB simulation ( data rate: 1/7,>>1) vs. calculation results

30

o
(3]

cM

Amplitude (V)
<)
(3 (<)

—_—

—_— |

Magnitude (mV)
o

(3

1
=N

o

o

100

Time (ps)

200

300

(1

N
a

N
o

-
o

1 T n
— AT, —sinc*(=T. 1), =
4 tr Td ( 2 trf ) f Td

1 1 ., T
Envelope: — AT, —-sinc” (71—
velope: AT, — ( 5 5]

b
Calculated Envelope |

i 1:rise = 10ps
L tran = 20ps |
Y T» = 100ps
f i | i | Data rate 10Gbps |
M N
01 40 80 120 160 200
Tq Frequency (GHz)

,nes




Calculation of CM Noise @ 2fy,q,is

1 T . T T Amp \lise Ln| . T T
o F.(2 )=—A—-*Lsinc = - -S1n ¢ —
N( fNyquzst) 4 Td ( 2 Td ) 8 Td ( 2 Td )
A = Amp . ZLrise o tfall 2f B i Wf'len T, ‘<< T,
° p) Ttr Nyquist Td This termis about 1

The CM noise is positively correlated with

— Data rate (10 years ago, Acimovic’s work in DesignCon 2007 did not draw much attention)
— Signal swing

— Mismatch of rising and falling edges

1 1
FN (2fNyquist) oC A i B Zr oc Amp ) trise o tfall J—
Td Td




Conclusion

CM noise dominates the EMI radiation

Non-linear distortion generates the CM noise tone @ 21y, quists 4fnyquists Ofnyquist - --
The CM noise at 2fy,,,s¢ is largest

The CM noise increases noise floor

The CM noise is a data-dependent raqdom process

1
FN (2fNyquist) oc A ) F ) ]-;r oC Amp )
d

—1 fall

trise

7,

Sharp data edge (smaller T;,) reduces the EMI-related CM noise




How is the distortion
generated?

Non-linearity of high-speed 1/0 driver




CM Noise in CML Driver

« Current mode logic (CML) circuit are widely used for
high-speed I/O drivers

> _/_ RL vDD RL ; _\_ —
Time Y, V+ Time RL ;E CL
Vout
X

—— i

Transistor
IN+— I:M1 sz FIN-, _/— R, —
_\_ = Ip Cep
Time ? Time
Ilail

« Equivalent circuits of M1 and M2 1
— Rising/falling edge calculation: 7,,, =V, + 1 - Ry (1 —e ")

— Ip, R, and Cgp varies with biasing voltage (Vgs and Vpg)

— Mismatch of rising and falling edges is a function of V55 and
Vs

IN+

‘trise —Lpn| = t(AVgs, AVps)




CM Noise in CML Driver

ZLrise _ tfall — t(A VGS > AI/DS)

1
1,

4

FN (2fNyquiSt) oc Amp ’ fall

Z’rise T

« Completely reversed voltage variations
— M1: Vs |, Vps?
- M2: Vs 1, Vps |

« Intrinsic mismatch of rising and falling edges
— Not able to eliminate the CM noise
— Optimize Vg to minimize |f,;. —¢
— Reduce the amplitude Amp ?

?

rise

Jall

IN+

Time

RL? vDD éRL >
Time V- V+
CL CL
1| 9 T
IN+] I:M1 sz FIN-,
=
Time

Time




Measurement &
Verification

A test chip in a 65nm CMOS process




Test Chip: CML Driver Circuit

R 1
e |

0.3mm

--------------

* Test chip information
— 3-stage cascaded CML driver in a 65nm CMOS process

* Measurements
— Output CM noise & output signal




Measurement: CM Noise & Output Signal
10 Gbps m Amp VB CM Noise @ 10 GHz

Spectrum
Zo

Analyzer
Signal [ 1+—|[—X¢
IES

Power
Combiner

MO

Matched
Cable

Generator| Matched

500hm output Cable
impedance

ZO +.

Zo sz Zo 500
Signal ——_1H—
Generator| Matched Matched
500hm output Cable Cable
impedance o] ] O HH
Zo ? Zo 0SC
Vew — Output Signal Swing




CM Noise vs. Signal Amplitude

Average output CM noise
Average output swing

7 350 .
= . A 0 13 chip samples
6 . v 300
3 .
5 250 5 0 Averaged CM noise
> . N °
Ea| 200 @ O Averaged output swing
<)) —
=
g? 150 @ 0O Power supply 1.2V
=)
2 8 100 &
5 X 5 0QVgu=09V
1 e 50
Data rate: 10Gbps
0 0

0.2 0.4 0.6 0.8 1 1.2

Input Swing from Pattern
Generator (V)

 Positive correlation: F, (2 £}, ) oc Amp

* Input swing 1, output swing saturates faster than CM noise
Lise = L] = LAV g5, AV )
— 90% amplitude - 57% CM noise (amplitude back-off)




CM Noise vs. Biasing Voltage

Average output CM noise
Average output swing

N
w
a
o

¥4 s Q 13 chip samples

6 % N 300 ~ ]
S O E 0O Averaged CM noise
éS % 250 ;
%4 ¥ ;@ . & 200 u‘;; 0 Averaged output swing
=3 | § L ; 150 3 0 Power supply 1.2V

2 § |S g Amp=0.6V

1 ; 50

0 0

800 850 900 950 1000 1050

Input CM Voltage (mV)
= t(AVGSﬂ AVDS) y FN(2fNyquist) o

Optimal Input biasing voltage (Vs ) to reduce CM noise
— Balancing the rising and falling edge: ‘fﬁse _tfall‘ }
— Providing sufficient output swing for communication quality

t.., —1

trise —1 fall fall

rise




Is the EMI radiation
reduced?

Definitely, it is.




EMI Radiation Measurement

Zo

EMI radiation

vDD c. | \/\f;\/

Signal —_1+—|[—Xz-

Generator| Matched
500hm output Cable

 EMI Measurement setup
— 10 Gbps diff. PRBS input

— Differential output PCB traces

« PCB trace Z, =50 Ohm

« 100 Ohm far-end termination resistor

>
b3
impedance _D x—‘l_

Diff. PCB traces } 100Q

VSS

Output diff. traces o>
(radiator)




Where to Place the Antenna?

- Antenna is used to collect radiated EMI emission

—

74 Antenna >

S 6 "HOo O —— Measurement 0
R SH_AM2

=n - [ Simulation 30

s

Testing site in an anechoic chamber

« Maximum far-field radiation
— CM radiation pattern, maximum gain: ® =0, 6 = 40°

. . 2d?
— Far-field Fraunhofer distance: r >

=72cm,so ¥ =1m

* d=10.4 cm, the maximum dimension of antenna; A = 3 cm, 10 GHz wavelength




EMI Radiation Measurement Result

~ — 90
e -90 |- = n—8
2 " g 92t \.
5 02 e g 04l
] & o6l
g o4 2 /'
2 s -98}
® ®
= .96 S _100 |
5 o8 2102}
o - 1 1 1 1 1 0 1 1 1 1 1
;“z’ 05 0.6 0.7 08 0.9 & 0.85 0.90 0.95 1.00 1.05
Input swing (V)
(before attenuation) Input CM voltage (V)

« Signal swing vs. EMI 0 Biasing voltage vs. EMI radiation

radiation o Optlma biasing condition

. il =LAV oo, AV o)
EMI o Fy (2 frypuiss) ¢ Amp e = o

EMI oc F’ (2fNyqu t) = ‘t fall

0 CM noise dominates EMI radiation

. v . s . - . 4 U ° LA 2 - . . -




Conclusion

« CM noise is intrinsically existed in 1/O buffers
— Non-linear variation during large-signal operation in transistors

« Given a certain data rate, CM noise is positively correlated to
— Signal swing Fy (2 f ryquiss) o Amp
— Edge mismatch FN(ZfNqu-st)OC\fﬁse—ffau\

« Suppress CM noise to reduce EMI radiation
— Limit the signal swing and do not over drive the circuit
— Optimize the biasing voltage to balance data edges




A more complicated case:
PAM-4




From NRZ to PAM-4

0.1 | NRzZ | 0.1 11 Level3
2 S
. Q @ 10 Level 2
0 Eye-d|agram of 10 GB PAM-4 E 0 b N E 0
Doubled d 20 Gb g \oe g oL Leveld
oupie ata rate: PS <_0.1 <_01 00 Level O

® 4 data levels (00, 01, 10,11)
® 16 data transitions

o

200ps

(o]
o

¢ Higher bandwidth efficiency

B

o
B
o

« Eye-diagram of 10 GB NRZ
— 10 Gbps
— 2 datalevels (0, 1)
— 4 data transitions

N
o o

Y;

10GHz 20GHz

N
o

Magnitude (dBuV)
D O
o O
Magnitude (dBuV)
(=2]
o

o

10GHz 20GHz

0 Eye-diagram: 10Gbps NRZ vs. 20Gbps PAM-4

® Four possible data levels per symbol, data rate is doubled

o
o

¢ Higher bandwidth efficiency
® Key solution for next 200/400 GbE communication




EMI Issue in Diff. PAM-4 Signals

O NRZ o [rep==N—ocMm] <
30_1 _-.o.-.i......:.ooo.ooo.ooo.ooooo:pooo.oo.o........- .-..\........:.. 5 80 :
() . : ! Vs Q
S v Y L Z 60
= ® e : M ‘. [}
S AR AN A
A Al

A 5 % i\ 2 20
) Y [ PR MU I S OVSUR R W
| = 0 ; |
0 200p " 400p 0 106 20G
Time (s) Frequency (Hz)

a PAM-4 P- - N—cM]| — ~ [~-pm
Eo»‘___‘l-.__‘ ............................ E 80 CM noise _ CM
3 P-- %60
= 0 vV A\ \ S
s e - 2 40
£ =
R YT T T S — R — | - > 20

= 0 : :
0 200p 400p 0 10G 20G
Time (s) Frequency (Hz)
0 Intra-Channel edge mismatch
e Similar to differential NRZ signals
P _ N _ P _ N _
Lrise = trise = 25p > tfall - tfall - 10pS
: R DR/F P ourses 2024 3 Re 0 O :




How to describe the CM
noise in PAM-4 systems?




From NRZ to PAM-4

« Equation for NRZ

Am trise_ta . x T
2, M sinc? (= - 2)

8 T, 2 T,

FN (2fNyquist) —

« Upgraded equation for PAM-4
— Data period T, =2 Symbol period T
— Mismatch of rise and fall time depends on circuit physical structure
— Amp 2> expected value of amplitude, E(Amp)

—t
E(Amp) rlse fall sinc ( 7Z' T
8 T 2 T

S S

Fy S nyquise) = =)

« How to calculate E(Amp)?




CM Noise vs. “Amplitude”

 Conclusions for NRZ

— CM noise is positively correlated to amplitude F, (2 £y, i) o< Amp

. PAM-4

— CM noise is not positively correlated to amplitude

« Data transition between Level 0 and Level 3
 Data transition between Level 1 and Level 2

P

CM

11
10

01
00

Level 3

Level 2
Level 1

Level O




CM Noise of PAM-4 Signals

O Data transition: 01 2> 10

Data transition: 00 2> 11

Differential
PAM-4 Signal
Output

— MSB:0—>1
— LSB:0~>1
DM: +DMMSB Sk DMLSB
+
LSB data : ',;,i: 1x
MSB data h|’:l|§|?

LSB

LSB data FFE

“| MSB

MSB data FFE
. » »

Differential
PAM-4 Signal
Output

Differential
PAM-4 Signal
Output

e MSB:0~> 1
e ISB:12>0
o DM: +DMMSB — DMLSB
LSB data . IEIS:: -
MSB data h:gs

LSB
LSB data FFE
MSB
MSB data FFE

+]

Differential
PAM-4 Signal
Output




CM Noise of PAM-4 Signals

P—M —/—/—// 11 Level3
i TAN 10 Level 2
CM
N (:) 'kij 01 Levell
N e . 00
50 _.

Level O

« CM noise is correlated to data transitions

« Switching distance (SD) to describe how many bits

are switched
SD(A,B)=> W, -(A[k]1® B[k]), W, =2""

N, < SD SD(00,11) = SD(01,10) = MSB + LSB
 CM noise is positively correlated to SD

. v . s . - . 4 U ° LA 2 - . .




E(Amp) —> E(SD)

Look back to the generation of PAM-4 signals




E(SD) in Different PAM-4 Architectures

" LsB [
LSB data | Fre =1x

“ImsB [
MSB data | Fre . 2X

Differential
PAM-4 Signal
Output

* Binary-scaled (BS)
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1 1
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0 0 0
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VPAM—4
— VDT + VDM + VDB




Transient Waveform: BS vs. TC
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Smaller CM noise?




E(SD) of Binary-Scaled PAM-4
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E(SD) of Thermometer-Coded PAM-4
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E(SD) of Binary-Scaled PAM-8
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E(SD) of Thermometer-Coded PAM-8

1111111
R 1111111 0111111 0011111 | 0001111 0000111 | 0000011 0000001 | 0000000
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« 7 data eyes = 7-bit thermometer code
— Vpam-8 =Vpe +Vps +Vps +Vp3 +Vpr +Vp1 +Vpo




E(SD) Calculation Summary

— BS PAM-4/8/16 have same E(SD) and same CM noise

PAM-4 PAM-8 PAM-16
Topology BS" TC* BS TC BS TC
Baud rate (GB) 10 10 10 10 10 10
Data rate (Gbps) 20 20 30 30 40 40
Double Nyquist
frequency (GHz) 10 10 10 10 10 10
Total Signal
Amplit:glde Atotal Atotal Atotal Atotal Atotal Atotal
1 5 1 3 1 17
Average SD EAtotal EArotal EAtotaE §Atotal EAtatal EAtotal
Normalized
CM Noise | 0.83 | 0.75 | 0.71

* BS stands for binary-scaled

# TC stands for thermometer-coded

« With same symbol rate (same T,)

— TC PAM-4/8/16 have intrinsically smaller CM noise




Upgraded CM Noise Equation

1 trise _tfall . ) T Tr
N(ZfNyC]uist) = gﬂS - Amp T "SI € 5 ' ?:)

* Introducing system-architecture coefficient (SAC),

1 2K-1 »n X 2K 1 y—n
S + 3 2Ty
B D;AM_zk - 22k ;(; 2k _1 ~ 2k _1) total
S B —
SDPAM—z" !

total

— Normalized CM noise to the CM noise in binary-scaled
systems

s PAM-4 | PAM-8 | PAM-16

Binary-scaled 1 1 1

Thermometer-coded | 0.83 0.75 0.71




Behavior- and transistor-
level simulation results

PAM-4 and PAM-8 CML Drivers




PAM-4 Behavior-Level Simulations
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PAM-8 Behavior-Level Simulations
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Summary of Simulation Results

PAM-4 PAM-8
Topology BS” TC* BS TC
Baud rate (GB) 10 10 10 10
Data rate (Gbps) 20 20 30 30
oeNasit |0 | |0 |
Simulation time (nS) 800 800 800 300
Total amplitude (mV) 252 252 252 252
Rising/falling edge (ps) 11/10 11/10 11/10 11/10
oM noiss‘:“é“l;;)tétz my) | 24 1.99 241 1.81
Normalized CM noise 1 0.826 | 0.751
* BS stands for binary-scaled 7 oavia | pavis | PAM-16
# TC stands for thermometer-coded Binary-scaled 1 1 1
Thermometer-coded | 0.83 | 0.75 | 0.71

« Consistent with the previous calculations
— Error is caused by the pseudo-randomness of PRBS13Q




BS PAM-4 Circuit Simulation Setup
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TC PAM-4 Circuit Simulation Setup
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BS & TC PAM-8 Circuit Simulation Setups
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Transistor-Level Simulation Results

PAM-4 BS" PAM-4 TC* PAM-8 BS PAM-8 TC
Baud rate (GB) 10 10 10 10
Data rate (Gbps) 20 20 30 30
Double Nyquist frequency 10 GHz 10 GHz 10 GHz 10 GHz
Transistor sizing 48u+24u 24ux 3 40u+20u+10u 10ux7?7
Process corner FF 1T SS FF TT SS FF TT SS FF 1T SS
DC current (mA) 185 | 17.7 | 16.8 | 185 | 17.7 | 16.8 185 | 17.7 | 16.8 | 185 | 17.7 | 16.8
Input swing (V) 02 | 02 | 02 | 02 | 02 | o2 02 | 02 | 02 | 02 | 02 | o2
"“I'Z‘I’tta';f:{;‘)g 0.85 | 0.85 | 0.85 | 0.85 | 0.85 | 0.85 0.85 | 0.85 | 0.85 | 0.85 | 0.85 | 0.85
Output swing (mV) 2149 | 234.7 | 253.7 | 214.8 | 234.7 | 253.6 || 212.1 | 231.7 | 250.7 | 212.1 | 231.7 | 250.7
o i':)"G':'I:i(sr:V) 134 | 1.86 | 3.01 | 092 | 1.39 | 2.13 141 | 193 | 3.04 | 096 | 132 | 2.11

4

® Same process corner, symbol rate, driver size, power, and signal swing

0 Comparison results

> Binary-scaled drivers have same CM noise

> Thermometer-coded systems drivers smaller CM noise

® Consistent with prediction
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Conclusions

1 2 T T;r
-SiInc (—-—
(2 T)

S S

trise —1 fall

1
N(ZfNyquist) - §IBS ) Amp

* Reduce EMI radiation of backplane links with a certain data rate

— Limit amplitude and do not over drive the circuit A4mp |

— Optimize circuit biasing condition to balance rise and fall time

— Use higher-order modulations to lower symbol rate 7, 1

« E.g., from NRZ to PAM-4, T, is doubled

t

trise — Yan

!

— When designing PAM-4/8 systems, use thermometer-coded topology to

reduce CM noise B |
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Electrical vs Optical Links
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Link Energy Efficiency (pJ/bit/m)

Electrical vs Optical Links

1000
lectrical links
100 .
©
10
Optical links and
active optical cables
Target o
°
0.1 o
<
5001)/bit
T ———— - - Data center networks
0.001 0.01 0.1 1 10 100 1000

Link Distance (m)

« The potential exists to lower the energy of optical links to below a pJ/bit to the service
link lengths ~1 m
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Intensity Modulation and Direct Detection Link

i Optical Fiber o
Driver a \ Decision

Retimer = = Circuit |,
- Laser / PD % | Output

Input —»| 3 D Q "D_ Modulator b @ % —>
—» Data

N Je—]| Frequency cDR —— =N
Synthesizer

Typical system architecture of an intensity modulation and direct detection (IMDD) optical link

Distance/Optical Fiber Modulation
100m MMF (400 GBASE-SR16) 25Gbaud NRZ, 16ch parallel
500m SMF (400 GBASE-PSM4) 1\ 50Gbaud PAM4
2km SMF (400 GBASE-FRS8) WDM 8A WDM 25Gbaud PAM4




Comparison Between Wireline and Optical RX
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« For mixed-signal architecture, optical receiver requires an optical 1T
frontend to convert the input current from photodiode to voltage
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Optical Frontend Architecture

—e—>| TIS

— DCOC

LA

» Optical frontend consists of a transimpedance amplifier (TIS), a variable amplifier
(VGA), a limiting amplifier (LA), and a dc-offset cancellation (DCOC) block




Optical Frontend Architecture
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* Feedforward equalization and decision feedback equalization can be implemented
to compensate for the ISI of TIA
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Optical Receiver Design Tradeoffs

Highly integrated optical communication system modules using silicon-based
CMOQOS transceiver ICs with integrated AFE are highly desirable

As the first stage of RX, the performance of TIA dictates the minimum input
sensitivity and the maximum data rate of the entire RX

TIA design tradeoff: by increasing the TIA gain, the noise can be reduced,
and the sensitivity is improved, but the BW and data rate suffer

Gaine—— BW
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ADC-Based Receiver Front Ends

NN
Channel =

O—
.} \ I — ©
X 013 ™> > | N psp |+ ™%
Data , | & ) }——o| e Data
) —
°_/{ CTLE & VGA
X RX
Ref
ok —1 Pt e CLK

« ADC-based receivers perform IS| cancellation in digital domain, allowing
for flexible advanced equalization and symbol detection

» Well-suited for more spectrally-efficient modulation schemes (PAM4)
« Benefit from improved area and power with CMOS scaling

Source: ISSCC 2018: ADC-Based Serial Links: Desig and Analysis, Samuel Palermo
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SAR ADC

« Performs a binary search conversion

over multiple clock cycles + = Vincomp
Vo— TH P
« Simplest implementations only require y =
one comparator per unit ADC iy
« Slower unit ADC relative to flash/binary DAC ‘L
search Ves. Diatch
« Excellent choice for 6-8b resolution to N bits Rdy(‘ -
support both PAM-2 and PAM-4 Async. SAR
Logic

« The dominant architecture for PAM-4
ADC-based receivers

Source: ISSCC 2018: ADC-Based Serial Links: Desig and Analysis, Samuel Palermo
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Time-Interleaved ADCs

First-Line S/H

32x Time-Interleaved Switch  BUF - )
( . N\
SAR ADC J T/H1 =>——<x Unit ADC —/—-4}( 8o . -1 Second-Line Unit SAR ADC 4x
45("5&; Switch Vv
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« Wireline ADCs are time-interleaved to achieve high sample rates
Source: ISSCC 2018: ADC-Based Serial Links: Desig and Analysis, Samuel Palermo
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Unit SAR ADC: Critical Timing Path

« SAR ADC consists of S/H,
DAC, comparator and SAR
logic

* The conversion speed of SAR
ADCs depends on the delay
from comparator, logic and

DAC in the critical timing path

; SAR Logic - » Various techniques to reduce

B1-n-1 the delay for faster SAR ADC
tCLK = Z(tcomp + tlogic + tDAC) Speed

N

Source: ISSCC 2018: ADC-Based Serial Links: Desig and Analysis, Samuel Palermo
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Unit SAR ADC: Advanced Techniques

* Asynchronous SAR operation

DAC | Async.
SAR Logic

* Multi-bit/stage conversion

Rdy

[S. Chen, JSSC’06]

1
+ G "

* Loop-unrol

ed SAR

To other

r

[T. Jiang, JSSC'12]
* Redundant SAR algorithm (trade-off N)

. q):s ) _ _ | ~ To comparator
N' = [ﬂ} Vin J-szqu-mcu‘d: s_c_-ta_cu} 'L4Cu J‘zcu J-t:u J:t:u
= TEFREY:
" for M-bit/stage  O%Veer AP IR
: 2 Vrer | GND
[2. Cao, JSSC'09] [C. Liu, ISSCC'10] v
N A N7 4 0 C U




 DAC generates residue signals
by subtracting binary weighted
reference from input

« Capacitive DAC is the most
popular DAC structure due to

- low power consumption
SAR Logic |-

B1~N-1

Source: ISSCC 2018: ADC-Based Serial Links: Desig and Analysis, Samuel Palermo
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DAC Implementation

Worst case error w/ cap mismatch
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[A. Shafik, JSSC’16]

* Minimum unit cap size limited by matching requirement and KT/C noise
(noise usually dominated by front-end and comparator)
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Vin

« 3-tap FFE efficiently embedded in the SAR
CDAC

Unit SAR ADC with Embedded FFE
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taps have ~33 LSB range
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« Main trade-off is increased T/H loading (3X)




10Gb/s NRZ ADC-Based RX Prototype in 65nm
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+ 10GS/s 32-way interleaved SAR ADC with
embedded 3-tap FFE
« Embedded equalization alone is sufficient for the two |
lowest-loss (21, 25dB) channels I VR R S v/ S
- Additional digital equalization is necessary for the
two highest-loss (32, 36dB) channels aiar ws w1 v NN
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PD Interface

- -—— = -

PD_| Blas I
PD_Cathode Lekg
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! I
I
5 PD_Cathode | | .
' g_' <7 : Cathode:
A | l
- | C |
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‘.—. ———————
LF‘kg LP C
; -1
X——000—X EI——’UUQU\ s T
PD_Anode Signal_IN — . T
PD_Anode Signal_IN
NN~
VDDA

* External PD bias On-chip PD bias
» Transfer the supply noise to TIA output . prevent the supply noise to TIA output
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PD-to-RX Interface with Bond Wire

Cathode kag RDp 800 VN
( g_‘ PD_Bias = ) 2.7dB
x
C VDDA - OF o x X x
PD . Dp g - xxxxx
ZS On-Chip 30pF ; 3 T X%
Filter x
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X = Copn o 40T 48 548
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PD Bias w/o - © w/ On-Chip Filter o
ZN | on-chip Filter = go} | * wio on-chip Filter
Input = O 1 ] ] I I
X——000 X/~ 1 5 10 20 40
e/
h g Freq (GHz)

* On-chip PD bias and simulated conversion gain from PD bias to TIS input
* On-chip filtering prevents the noise at PD bias converting to TIA input
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Bandwidth Enhancement Technique

* Inductive Peaking

No Peaking

1.2
Iin J_ o O Vout
J} Ic * Ir 1O b L
S
c R § 0_8 ________________________________
>
= T Q 06F---- LS
. . . N
Series Peaking Shunt Peaking =P
ln 170 m °Vou 10 ° Vou g | | | = = w/o peaking
ICH_ L *IR J}IC L Z 0.2} --7 """ 1 == w/ shunt peaking |
C R C -o- W/ series peaking
0-0 Il Il Il Il
I I'd R 00 01 02 03 04 05

Step Response

Time (nS)

* Loading capacitor slows down output transition

« Series or shunt peaking inductor allows more high-frequency current to charge C ->

Faster step response
« Faster response <-> Higher bandwidth

DR/F . ourses 2024




Bandwidth Enhancement Technique

* Multiple Inductive Peaking Technique

Core

« Equivalent circuit of the input
series peaking network

— Lg4: bond-wire inductance

« Small-signal model of the core TIA

— Lg and Lg, create the second and the

third peaking




Bandwidth Enhancement Technique
« Multi-Stage Cascaded CTLE

k |- All 3 stages disabled
R | —=—Only 3rd stage CTLE
& (5 GHz) enabled
N |—+—Only 2nd stage CTLE
. i (12 GHz) enabled
% | < Only 1st stage CTLE
% (20 GHz) enabled

- a—©— Only 1st and 2nd stage
CTLE enabled

—7— All 3 stages enabled

Cascaded CTLE Gain (dB)

0M  10M _ 1G _ 10G 100G
Frequency (Hz)

« Multi-stage CLTE provides different « Simulated frequency responses
peaking at different frequencies of the 3-stage cascaded CTLE




TIA and CTLE
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« Schematic of TIA with integrated LDO « Schematic of the CTLE




Modified CH MA/LA and Output Driver

0.6nH
3nH 75Q
~150Q ~50Q
150Q 24/0.06
25fF 40/0.06

24/0.06
28/0.06

Schematic of the modified CH MA/LA + Schematic of the output driver
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Measurement Setup and Chip Micrograph

Receiver Chip

Fiber input

.

Off-Chip PD
Ground ¢
~ Outputcable

i

Slgnal

(Zoomed-in photo: o i
shown right) o Il b

Power supply

. l :
¢ i to CoB

- Optical measurement setup * Chip micrograph
» Optical light is coupled through a « Fabricated in 65nm CMOS technology
single-mode fiber (SMF) « Wire-bonded with a commercial PD




« Measured electrical frequency response
67-83 dBQ, with 24-GHz bandwidth

Electrical Measurement Results

w0
o
1

TAI 3 stages dlsahled

Q0
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Only2nd Stage CTLE | i
|(12GHz) eﬂabled | :;::

-]
=)
I

Receiver Gain (dB-Ohm)

Only1stand2ndstage

CTLE enabied

60

Al 3 stages énabled I

f-ue: 24 GHz

10M' Toom

.1.,G ;

Frequency (Hz)

flll'll

106

30 Gbls CTLE off

Idlh( )
ng SN )

30 Gbls Over-equallzed

Jllte RIS( ) g
137. 4p§V

Hh()284 %
yEyeS/N() 55295

Measured electrical eye diagram
at 30 Gb/s with CTLE off and on




Measurement Results

L 30 Gbis CTLE off

30 Gbls CTLE on

30 Gb/s CTLE on

27 Gbls CTLE off

56mVi: 55ps

aJIﬂerHﬁ()%“ﬁm H’b‘. ﬁ“
1640ps 5 18599

gﬂ.l.ﬂ!
11IVN

—Eye () 181.9m¥ ;
/N ) 8.33 9.12. 9.46 8

Optical measurement results with a 14-Gb/s PD

Optical measurement results with a 30-Gb/s PD
PRBS-15 Input Data

PRBS-15 Input Data 1{RBS-15 Input Data PRBS-15 Input Data
' | ' o ' 28 Gh/s CTLE off
10+ x 2GS o] S NS 104 Q=28 Gbls CTLE on 7/ - 1&4%;- ------------- -
b e S \ N %30 Gb/s CTLE ] \'\!
2105 230 Gbs 8106 X N % 10-6 | 30 N VO R 21064 NG
Y 3 N g B
5108 S 4 X\ S0  X& e 15 anel
5 il 57 N & £10°
= ‘ﬁ - > 25Gh/s K\ﬁ\ = 1 2= . ‘
@10 m10'10 o 28 Gb/s m10'10- .............. i l:n10_10_ : [ ]
................... e - 30 Gh/s \ 28 Gh/s CTLE on
1012 | 10-12 \ 10-12] ; 430 Gb/s CTLE on
03 -02 01 00 01 02 03 -12-11-10 -9 -8 -7 -6 -5 03 -02 01 00 01 02 03 102 -9 _8 _7 _6 _5
Optical Input Power (dBm) Sampling Clock Phase (Ul) Optical Input Power (dBm)

Sampling Clock Phase (Ul)

« BER bathtub curves and input sensitivity « BER bathtub curves and input sensitivity




Performance Summary and Comparison

[1] ISSCC'13 [2] ISSC’13 [3] ISSCC’12 This Work
CMOS Technology 65nm 65nm 90nm 65nm
Supply Voltage 1 3.3/1 1.2 1 (1.2 for LDO)
Gain (dBQ) 72.5 76.8 78.3 83
Bandwidth (GHz) 21 21.4 20 24
Power (mW) 48.8 90.9 44 4 41
Data Rate (Gbl/s) 25 25-28 25 30
Sensitivity (dBm) -6.8 -9.7 -4 -5.6 -5.0
Eye Opening (1-Ul) N/A 65% 22% 24% 18%
Efficiency (pJ/bit) 1.95 3.25 1.78 1.37
: R /F ac 2024 . P " O .
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Optical Receiver Architecture Comparison

“  Distributed inductive peaking
 Large area
« Low-BW TIA+ CTLE
_> J_\> E é « Power hungry

Inductorless TIA + FFE + DFE
Compact and energy-efficient

Vi
17




Proposed Architecture

Clock0—{ cCML2
Input O— CMOS
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 Half-rate structure

« 2-tap FFE and 2-tap DFE integrated with sampler

0 = ) 24
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Sampler w/ 2-Tap FFE & 2-Tap DFE
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FFE and DFE

Timing Diagram of FFE and DFE
Half-rate FFE and DFE

Summer —|3 X X 1XDEXD‘3X X XX XX
$ E: +.—> L !
Odd Path 1F_:E LK Hold Sampla” X X X X
DFE Taps cLke | f f— CK :—j"i_, 3 .
0 CLK | \“*’
E E CLKB ; é

O CLKB
DFE Taps UddX EDI] X X D2 X — i E
” 3 ynu §?= Q f;%nzx Odd

E“f‘;?‘ 5
— Even - §D1 D3 §2~ §e:<~ b z~ Ll {ee
Even Pﬂth. 13 L v X X E X X | X {(? {,} o D1 (R {({E‘H‘Gﬂ
— Post-Tap FFE Track Regenerate Toka*Tsetup*Tsetne<1Ul

* Post-tap FFE can be achieved by summing the odd and even signal path
« 1-Ul timing constrain should be met for the first tap direct DFE




Measurement Setup and Chip Micrograph

Clock Signals BERT

-

Keysight il 8040A I}
86105D
/ Data In

A

Oscilloscope I Keysight

Clock Out
Data Out Data Out

I+ RX DUT |———

« Measurement setup ’ ghip microgor%%h ,
 Core area: 0.06mm




Measurement Results

10°
102
104 ¢
106 ¢ _
0% f re-FEC limit: 2.4x10-4
0L W T —e—W/ FFE&DFE :
12 IW;CI):II:EEQ | | | | | | | ——W/O EQ
%5 04 03 02 01 0 01 02 03 04 O 0 _0'_1 0 0:1
Sampling Phase Offset (Ul) Sampling Phase Offset (Ul)
« Bathtub curve at 30 Gb/s NRZ « Bathtub curve at 42 Gb/s PAM4

0.2




Performance Summarv and Comparison

JSSC’21 | 0OJCS’21 | ISSCC’21 | RFIC’23 | This Work
Technology | S5 | dewm | 28w | 28 | sgum cwos
Data Rate (Gb/s) 16 36 100 42.7 42
Signaling Duobinary PAM4 PAM4 NRZ PAM4
Number of
Inductors 0 6 >16 3 0
NRZ OMA Sens. at -11.1 . -8.2
BER 1e-12 (dBm) | 168 N/A @56Gbls 3.6 @28Gbls
PAM4 OMA Sens. .
at 2.4e-4 (dBm) N/A -4.8 -8.9 N/A -5.1 @48Gb/s
A 2-Tap FFE + 2-Tap FFE + 2
Rx EQ Capabilities N/A 2-Tap DFE 2-Tap DFE N/A “Tap DFE
Area (mm?) 0.09 0.23 0.45 0.11** 0.06
Power (mW) 23 (RX) | 128.8 (RX) (;I'K) (3;?8)‘(1) 1?3;3) (ﬁi} gx?i
Efficiency (pJ/bit) 1.9 4.0 117 | 3.9 34 0.31 | 1.36
FoM (Gb/s/mm?) 100 139 222 388 700

*Estimated from the reported sensitivity curve

**CDR included

FoM = Data rate /
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Motivations

* Fully-integrated and area-efficient low dropout regulator (LDO) are highly
desirable for point-of-load power delivery.

« LDOs with power supply rejection (PSR) up to GHz range are in demand for

wideband communication systems. Harwood ISSCC 12]
E'VDD LDO Regulator [Takemoto ISSCC 13]
1.2V
EVRef I: '
Veo _L1.0v
RA L <.
DOC —
Buff >
e v
A 4 Optical Receiver Light Peak Module - Intel
A Front-End LPF




LDO Requirements

« To make a comparison, a figure-of-merit (FOM)
of speed is defined

/q :CXAVOUTX /q

MAX / MAX / MAX

FOM=T,

[Hazucha JSSC 05]

— Fast transient response
— Small quiescent current (/p)

« Good PSR
» Area-efficient and scalable with process




LDOs with Off-/On-Chip Capacitor

« LDO Regulators with Off-Chip yF range Capacitor

— Off-chip cap is conventionally connected for filtering
— Dominate pole located the output node

— Small load transient glitches
— High PSR

« LDO Regulators with On-Chip sub-nF range Capacitor

— Dominate pole at the internal node (in previous designs)

— Large undershoot and overshoot during load transient
— Poor PSR

Improving the PSR and transient performances of
the fully-integrated LDO is our key design issue

. v . s . - ' 4 LA ° LA 2 - . '




Schematic of the FVF Topology

« Basic idea: take the advantage of the advanced processes, push the internal poles

to be higher than the UGF.
» Technique: Flipped Voltage Follower (FVF)

[Man TCAS-I 08]
0.35um CMOS
Pcate DOMinated
Poor DC Regulation

Error Amplifier Vser Generation FVF




Schematic of the BIA Topology

« Basic idea: take the advantage of the advanced processes, push the internal
poles to be higher than the unity-gain frequency (UGF).

 Technique:
Buffer Impedance Attenuation (BIA)

VIN

BN v [Al-Shyoukh JSSC 07]
; ZAay | 0.35um CMOS
Error
Amplifier  Buffer v With 1uF Capacitor
C. |R,
\4 = ‘é




Schematic of the FVF + BIA Topologies

« Basic idea: take the advantage of the advanced processes, push the internal

poles to be higher than the UGF.
 Techniques: Flipped Voltage Follower

VIN

T

S w

Error Amplifier

: Vser Generation

Buffered FVF

' /]

(FVF) Buffer Impedance Attenuation (BIA)

65nm CMOS
Poy: Dominated

Poor DC Regulation




Tri-Loop in the Proposed LDO

Loop-1: an ultra-fast low-gain loop with pg ; being its dominant pole and pg,. be
pushed to GHz range by BIA technique;

Loop-2: a slow loop that generates Vg &Vser;
Loop-3: feed Vyr back to the EA to improve the DC accuracy.




Schematic of the Proposed Tri-Loop LDO

* Techniques: Flipped Voltage Follower (FVF) and
Buffer Impedance Attenuation (BIA)

* Proposed 3-Input Error Amplifier (EA), and Tri-Loop To

pology
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Simulated Bode Plot of LDO and PSR
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Chip Micrograph of the LDO in 65nm

« Effective Area: 90 x 260 um? (with on-chip loading)
« Total on-chip capacitance: 140 pF

(stacked MOS and MIM capacitors)

Tri-Loop
LDO Regulator

Substrate

B

Stand-alone version * Fully-integrated version




Ultra Fast Transient Response

Rising/Falling edges of the load : < 200ps (0 mAto 10 mA)
lq: SOPA; Cqyg: 140 pF; AV 43mV (undershoot) coM—7 o _CxAVoyr o

Response time T5: 0.6 ns

FOM: 3.01 fs

X

MAX / MAX / MAX

I
| I 200mV
|
|
Vour | N
m’—_ ——————————— T e e P
|
|
|
|
|
- ILoad | E . 10 mA
ffffffffff Edge Time|
<200ps | | |
| OpA |
[P —— I 1 [ v
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Measured PSR @ 5MHz and 1GHz

. V=12V, Vour = 1.0V, R, = 100Q
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Measured PSR up to 20GHz

Vg = 1.2V, Vgur = 1.0V, R, = 100Q

-21.4dB @ 1MHz
-12dB @ 5MHz
-15.5dB @ 1GHz
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Optical Measurement Comparison

tesssssssssssssss s e e .-

Y
Clock and
— Data
Bt Recovery
(CDR)

Optical Receiver
Front-End LPF

On-chip LDO provides a clean supply for TIA

W/o LDO RMS Jitter 9.25ps
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Measured eye diagram
without LDO

With LDO RMS litter 7.67ps
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Comparison of State-of-the-Art LDOs

N P. Hazucha J. Guo J. Bulzacchelli :
Publication JSSC 05' JSSC 10' JSSC 12' This Work
Output Cap. On-chip
Technology 90nm 90nm 45nm SOI 65nm

Vourt 0.9V 0.5to 1V 09to 1.1V 1V

Drop out 300mV 200mV 85mV 150mV
lq 6mA SuUA 12mA S0uA
lo,max 100mA 100mA 42mA 10mA
Capacitance 600pF S50pF 1.46nF 140pF
-15.5dB

PSR N/A 0dB @1MHz N/A @ 1GHz
90mV 114mV 43mV

AVour @Teqge @100ps | @100ns N/A @200ps
Load Reg. 90mV 10mV 3.5mV 11mV
Tr 0.54ns N/A 0.288ns* 0.6ns
FOM 32ps N/A 62.4ps” 3.01fs

~ ' /
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Conclusion

Electrical reach is limited by a few meters, and it is getting shorter as data rates
keep growing, and the transition to optical I/O links is beginning

CMOS ADC-based receivers enable powerful digital equalization and symbol
detection techniques for high data rate operation over electrical and optical wireline
channels

Multiple inductive peaking scheme and cascaded multi-stage CTLE can be used to
achieve high gain of the TIA with high bandwidth

FFE and DFE can be used to compensate for the residual ISI of the TIA

By using a fully integrated LDO and on-chip filter for PD bias, the TIA jitters can
be reduced for better sensitivity
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9-12.
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Outline-Clock and Data Recovery and Clock Generation

* Architecture
— Overview of CDR and PLL Loop Configuration
— Why Single Loop? How to Achieve Wide Capture Range Via Single Loop
— Why Dual Loop? Cascaded or Parallel? How Loop Parameters Are Determined
— Why Dual Path? Decoupling JTRAN and JTOL
« Key Circuits
— PAM-n PD (Github:_Jabdekhoda (github.com))
— VCO (Github: HKUST-OWL-WANG-LIi/A-20-24-GHz-Class-C-VCO-with-186-dB-FoM
(github.com))
— AC-Coupled Sub-Sampling Charge Pump
— R2R Comparator (Github:_Jabdekhoda (github.com))
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A General Overview of CDR/PLL

 PLL and CDR: Key building blocks in both wireline and wireless
transceivers

0 0
For Wireline : . For Wireless
J (]
0 0
Data In E E Data In Data Out
ox | = S
MUx ] : A/D D/A
DAC |e—— 1
ECLK Lo E DnCon| |UpCon
@ +— PLL : t y
0 0
RX EQ ' ' LNA PA
0 0 T
¥ :]A_ CDR |— E E {
Dec. , : SPDT
v Synchronized :
Data Out Clock : ' Antenna




Why Single Loop

» Basic configuration:

Synchronized CLK Lows-jitter CLK
for slicer/demux
Ref CP LF @
Data-» PD P cP [» LF w
Single-Loop CDR Single-Loop PLL

« Advantages: Concise and Low-cost
— Simple circuit provides the best robustness, generally.




Beyond Single Loop Configuration
. But What If...

— At high frequency (28 GHz, the quarter-rate clock for 200 GBE), the VCO
phase noise is huge, limited by bad L-C tank quality factor, but a low jitter
clock is still expected?

— The CDR loop bandwidth is narrow, but a wide frequency capture range is
needed?

— In cascaded retimer, the jitter tracking in each stage causes jitter
accumulation, and needs to be attenuated for better signal quality?




How A Single-Loop Achieves Wide Capture Range

* A single loop with deliberate current mismatch in CP: allows the
single loop to cover a wide frequency capture range

— The offset current drives the loop filter voltage, to search through the VCO
tuning range

Synchronized CLK
for slicer/demux

mismatch

Support wide-range freauency Search

Data




One More Loop? Cascaded or Parallel?

« Cascaded two loop: One for low jitter, one for wideband
« How?
— First-stage low jitter loop: operating at sub-10-GHz Freqg1, high-Q L-C tank

— Second-stage wideband loop: operating at NxFreq1, high frequency loop, the
wide bandwidth sufficiently attenuate the high-freq VCO phase noise

Freq1 N x Freq1

Low-jitter loop Wideband loop




One More Loop? Cascaded or Parallel?

 Disadvantage: cascaded two loop provide narrow tuning range
— Only then overlap portion between the two VCQO's tuning range can be utilized

for the overall PLL

 Possible Solution:

— Design the second stage to have much wider tuning range than the first state
— Why? The second stage does not suffer from tuning range-jitter tradeoff, thanks

to the wideband

Ref —>

1°'-Stage
Loop

1

Freq1

VCO1

Low-jitter loop

2"?-Stage
Loop

1

N x Freq1

VCO2

Wideband loop

Make the tuning
range wider




One More Loop? Cascaded or Parallel?

- Parallel Two Loop: one for tracking frequency , one for tracking
phase (& phase noise)
« How?

 Integral path (I-Path): ultra narrow bandwidth with little jitter contribution, just to
capture the frequency error

* Proportional path (P-Path): Optimal bandwidth with balanced jitter, balance the
jitter from reference and VCO

Proportional-Path
Ref ->| PD { 1@
CP W

Integral-Path




« How?

One More Loop? Dual Path

« Dual Path: one loop for wideband JTOL, one path for jitter attenuation

— Path 1: a wideband CDR for wideband jitter tolerance
— Path 2: jitter compensation path to attenuate the jitter transfer

Path 2: for jitter compensation
MSBgec, LSBgec,

>

D1RAN(S)

KCVCDL

CLKgec VLFuv(s) |

CSG

A
f

ifref

(pin(s)

f

PaN

®o(s
o po |25 cpaLr AR

VLF(s)

KveoL

I

Path 1: Wideband CDR

>

DATARECJC
CL KRECJC




« Subsampling

— Main feature: large
gain

— Reduce the
contribution from other
noise sources

— Such as: charge
pump, loop filter, or
divider.

Subsampling

£y

lep
Ayco&m

V. 5
_’ Sa mpler ﬂ) J{ IUP:gm me /\
At

= VDC,VC‘() + AV(_‘{) S]Il(2 ]y(l;t'()t + ¢VC‘O)

— ip “Tyco . ico
o ref —
Ref N Tyco
T—I_T—l_ ideal locking point
Vbe VCO’_@ Ipn=8mV pevco
el = Apco G
VCO =YX~ fA7-XT Vo N7 X7 K/ \/f -7 “X-fA-f-"-
| : | |
I . ! ! 1 1
L N 1 | 1 |
erm ————————————————————————————————
Voevco
Phase Locked Ref leads Ref lags
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Outline-Clock and Data Recovery and Clock Generation

 Architecture
— Overview of CDR and PLL Loop Configuration
— Why Single Loop? How to Achieve Wide Capture Range Via Single Loop
— Why Dual Loop? Cascaded or Parallel? How Loop Parameters Are Determined
— Why Dual Path? Decoupling JTRAN and JTOL
« Key Circuits
— PAM-n PD
— VCO (Github: HKUST-OWL-WANG-Li/A-20-24-GHz-Class-C-VCO-with-186-dB-FoM
(github.com))
— R2R Comparator (GitHub Link by Johar)
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Design Motivation: Industry Standards

PCle Data Rate(Gb/s) x16 B/W Year
Sper.:lf' ication (Encoding) per dirn*

. _— Fc_, 50 @mm | 2.5 (8b/10b) 32 Gbls 2003

PCle 4.0@16GTIs 2.0 5.0 (8b/10b) 64 Gbls 2007

o PCle 3.0 @ 8GT/s 3.0 8.0 (128b/130b) 126 Gbl/s 2010

4.0 16.0 (128b/130b) 252 Gb/s 2017

@ PCle 20 @5.06T/s 5.0 32.0 (128b/130b) 504 Gbls 2019
PCle 1.0 @ 2.56T/s 5. 64.0 (PAM-4, Flit) 1 f;tbibrs 202

* - bandwidth after encoding overhead

The rapid increment in data transport volume has pushed the development of the
wireless/wireline communication system

Several industry standards has been proposed for wired communication I/O interface:
OIF CEI-56G/112G/224G and PCle 6.0

Each new generation of the standard has seen a doubling in the data rate (higher
speed and lower power consumption)

;‘ : ... = U - . 4 C ° C RE .. - (<




Design Motivation: PCIl Express-Rx Application

CDR circuit
X RX Decision
Driver R+ Ry Equalizer Circuit
Data | Data Dx \
‘ DRV € )

DREC
Root Comp|ex Rx/Tx 3 Rx/Tx O : l) }—+ @ " :F 'e)
j Channel L
CKrx

CK Clock _TCKREC

[ REFCLK ! Gen Recovery

PClet2
PCI/PCI-X Control \ Y ) \ v J
Endpoint [l Endpoint § Endpoint bridge L J Transmitter Receiver

Repeater

Signal transmission in PCle Block diagram of a wireline transceiver

Repeater

» Repeater for redrive (signal equalization) and retime (clock and data recovery)

 The CDR circuit plays a key role in wireline data transport

BA : DR/F . ourses 2024 Re 0 O : de




Design Motivation:
From Dual-Loop to Single-Loop CDR

Dual-Loop CDR with External Reference Single-Loop Reference-Less CDR
» Lock
Detector
r Divider fe—— Data
L {  Frequency- PD o cp Vconi @_
FD/PFD > CP  tracking loop 2R =C,
Reference \ L A i I
signal selomon F1t—OH jroommme oo TeTeees R A
Data e ' Phase/frequency-tracking loop E <
LI I SO Sty S S
i Phase-tracking loop ' ] ]
C Bl hiortoct Jobs B0 v/ Concise structure (single loop)
v Low hardware cost (single loop)
* X Complex structure -~ Avoid nonideal couple from reference clock
e X ngh hardware cost (reference.|ess)
* X Possibility to introduce undesired couple | ../ Flexibility to meet multi-standard application (wide
capture range)




Outline

* Design Example 1: A 10.8-t0-37.4Gb/s Reference-Less FD-Less
Single-Loop Quarter-Rate Bang-Bang Clock and Data Recovery

Employing Deliberate-Current-Mismatch Wide-Frequency

Acquisition Technique




Design 1: Proposed Quarter-Rate BBPD with FD

Main features

« Motivated by 8-phase clock to achieve
quarter-rate sampling

CP CELL

Norml CP « Extra tunable strobe point (SP) CP

¥ "E'I":,"'g\ pairs are deliberately inserted for FD
Rus/snsp CPXOszs/sé i func tion
j‘;‘;‘;‘;‘;‘;‘;‘;"_‘i:: o Fpua> 4Fyco2CP offers a positive net
current;

e  Fp., < 4F\co>CP offers a negative
net current

(0
CK4

BBPD with modified CP

.- . s . - ' 4 LA ° L/ .- .' - .-




Design 1: Timing Diagram of Proposed BBPD

Veeam

Veram
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A
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Time

Time

A A
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o f = [ =
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=1 =1 =

o o o

L <] <]
[N 'S 'S
o o o
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> > >

Veont Vconr Veont
A Search for target A Search for target A Search for target
Locked | Reset 1 2 | 3 4 | 5 Locked | Locked| Reset 1| 2 | 3 | 4 | 5 Locked Locked| Reset | 1 2 | 3 4 | 5 Locked

V ‘ ‘ v ‘ : : ‘ V; : ‘
o D F e o D F Vormn
3 3 3 enabled
2 B 2 2 B :

Vs. C E G Vs. C E G

Time

@ G
lllustration of operation mechanism under different

(b)

A

)

mode

VCO lag (4fyco < fyata):
SP CP operates as a
current source and offer
positive net current

(PNC)

VCO lead (4fyco > fyata):
SP CP works as a
current outfall and offer
negative net current
(NNC).

No frequency error: SP
CP is disabled and offer
a zero net current (ZNC)




Design 1: Top Architecture of Proposed BBCDR

Din
NRZ

hd ]
! !
o (=]
(2]
S
2boH s

<< <<
gg g2

|

<< <<
oo o o
&8 RS&

Reset SW Ve Vezne Vi Vizne Verr V
L dd MDSW SW
——T—T—T—T— T
o[V X |x|V|V|x
+ Enable 0
% Disable 1x| vV X]|v]x
X Unconceme: d| 1 X x|vix|v]xl|v
5 g 5
Ve Vn Vep
Vv VCO Hopping Control __| Edge Detector
.CONT. l_D— Schmitt
Trigger
R |
Gz Delay Cell
2 C1 ...............................
I I L 5-bit Counter 5-bit R-2R DAC
C1=80.78pF b cK YaYsY2 Y1 Yo B
C;=6.46pF al LLH’JILL\ # % % f f %
Ri=703.70 oRST Control;

LPF

CKog

<< <<
28 8%

8-phase Rihg Oscillator

Mode Switch Control

FAM
SW Toggles; VCO Band Jumps;
MDSW = 0; In PNC or NNC

(Reset = 0) .
v Vo or (SW Toggles) (Veont ren;a,;(r;s steady )
VO; Test or (Vcont<Vrer.) (Veer-<Veonr<Viers)
v Buffe or (Veon>Vrers) Rer-<VconT<VReF+
L |p % Q | vos ¥08 ¥
A b PTM
T
CK31se ( SW Holds; VCO Band Holds; )
Double-Tail FF MDSW = 1; In ZNC
Based Sampl - g
J
g ¥

CKour Vcont

Top architecture

Vre

f.  Vrer+ MDSW

<<<<<
)
mmmm
G55

Main Block:

* Quarter-rate BBPD ( for phase detection )
* Modified CP ( for frequency locking)

 LPF ( for control signal smoothing and
bandwidth control)

* HCC (for mode switch and VCO band control)
* 5-hit RDAC (for VCO frequency control)

* 8-phase ring oscillator (for wide-tuning-
range clock )

~

%




Design 1: 5-bit R-DAC

VRerr &
]

Vrern a
|

Ao An o

l Aso Aml A.l»

*f 3» Lﬁ * ‘%

ézn

DAC output (V)

D— (=3 (= D
MT Am @ Ay A ©

el el o o

Vrerr B

Vrem B

5-bit R-2R DAC
1. Controlled by VCO band signal

2. Output varies between the upper and lower preset reference value

0 = ) 24

— ideal Va1 ideal V.o —— ideal Vet —— ideal V2
1
ol | FHJ_‘_H-W
’_l_'_’—' ’_.—(_'_'
06 F - :Hrl_’___ _;—-ﬂ/—'_'_'_r'_'_'—
0.4 | — 1
——
0.2}
0 I I I l
S ) S S N N ) ) S
@@ @\Q Q\@ Q\'S S & & @@
Digital Code
Simulated DAC output




Design 1: 8-Phase Current-Starve Ring Oscillator

| — — — Condition1 Condition2 |
15 A —
"""" T N " —
& #‘V + R - + + 5 L : = == = -
* T ,>c ' 3 = -—_Tﬂmﬂalﬁel_ R I
VINDEl--GVOUT E ’ 4? E — = = _" —————————
n e >c 7 - - ° Tuningfrange2
1L
"""""""""""" B,_L 0 : : : : . . '
! 0102 03 04 o.s(v) 06 07 08 09
n u CONT
Current-starve ring oscillator Tuning-range affected by

external reference
A current-starve based ring oscillator for a wide operating frequency

* The current strength directly controlled by the output of RDAC
 Entire tuning range is heavily affected by the external reference voltage of DAC

.- . s . - ' 4 LA ° L/ .- .' - .-




Design 1: Chip Photo and Area Breakdown

Area Breakdown

Main Circuits _ _ _ _ [ _/ Area_ | Auxiliary Circuits
A | PD + CP+XOR 0.0026 ;| F1| Dour2 Output Buffer
B(vcO | 0.0035 | F2| Douts Output Buffer
C [HCC 0.0005 | F3| Clock Output Buffer
D |DAC 0.0004 | G | Vcont Output Buffer
E [LPF 0.0757
Total Core Area: 0.0827mm?

Power Breakdown

Data Rate VCO PD CK Buffer CcP HCC Total Power FOM

(Ghbls) (mW) (mW) (mW) (mW) (mW) (mW) (pJ/bit)

Band0 | 108 16 2.29 1.54 1.98 0.63 24 2.08
Band4 | 19.6 22.46 3.97 2.56 1.98 0.64 31.61 161}

Band 12| 29.8 29.6 5.58 3.5 1.92 0.72 41.32 1.39

Band20 | 34.2 32.94 6.05 3.88 1.99 0.79 45.65 1.33

Band 28|  36.6 347 Y| 6413 4 1.99 0.79 47.61 1.30
Band 31|] 37.4 36 6.07 3.96 1.93 0.72 48.68 1.30 |

AE B B B 2 3 3 2 3 B 3 3 3 » 3 § 3 2 2 2 3 2 3 2 3 = 3 &2 &3 &3 3 3 3 2 3 3 2 2 2 &2 &2 3 &2 &3 &3 3

" Chip Photo
The current-starve oscillator consumes a large power at high operating speed

v ... = U - ' 4 C ° C = .. - as




Design 1: Measured Dynamic Settling Process

State |Locked FAM PTM
Band | 28

0

Reset _—__r
;! Ei
0-!_ 1

Wl _ﬁ'

Measured HCC transient waveform
The loop operation :

* Att,: Resetsignal is released

« Att,: frequency tracking mode (FAM) is released

« Att,: frequency is locked, and correct band is hunted

« Att;: phase tracking mode (PAM) is released for better jitter performance

. v . s . - ' 4 LA ° LA 2 - . .




Design 1: Measured Transient Waveforms and Spectrum

State | Locked FAM PTM State | Locked FAM PTM

Reset

frovereend t t t
to ity 2 t22 ts ’ ! &

Reset

A 7.4 Gbls
[ —4us G [ Vewr=035; Vp=0.1; Vi=058 | g >la

SW i Lockedin NNC

o ﬂ_. ’UUFU—IJJT .[_V L o:z : P(:;4 ; 04_5_.]

Measured waveforms when the Ioop Iocks in different sates and dlfferent V.ont

Al o bz 745G0Is

s 786bs |

5.4
-134
-21.4
-29.4
-37.4
-45.4 '
-53.4 J T -

-61.4 M n
004

23 3.04 3.78 4.52 5.26 6.74 7.48 8. 22 8.96 9.7

Measured overall spectra of the BBCDR’s capture range

.. . s . - . 4 LA ° L/ .- .. - .-




Design 1: Measured Eye Diagram and Histogram

Real-Time Eye Real-Time Eye Real-Time Eye Real-Time Eye
1.44509 MUL 1.36708 MUI 1.34475 MU 1.43916 MUI
45 Wfms 14 Wims 24 Wims. 12 wfms

1.43907 MUL
12 Wfms

Recovered Clock Recovered Clock Recovered Clock
FrrE—| T R frearrme ere |
A BEENEES S
45 wfms 14 Wims

24 Wims

Recovered Data Recovered Data Recovered Data Recovered Data

(@) (b) © (d)

[RearTime eye
JReal-Time Eye Real-Time Eye Real-Time Eye
i:&ﬂ:@' 137.017 kUl 93.119 kul 169.857 kUL
ooy 1570 Wims | 922 Wims 1566 Wfms

Standard Deviation = 2.31ps Standard Deviation = 2.69ps Standard Deviation = 2.66ps
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(€) (f) @) (h)

Eye diagram and histogram under multiple input data rates:
19.6Gb/s 29.8Gb/s 34.2Gb/s and 36.6Gb/s separately




Design 1: Measured Phase Noise (PN) of Recovered Clock

1 Graph ' Carrier Power -8.75 dBm Mkr2 500 MH

Scale/Div 10.000 dB Ref Value -50.00 dBe/Hz Integ Noise (DSB) 390.1 fse

50 [T
-98.64dBc/Hz
80 @ 10kHz -120.25dBc/Hz
100 T @"I"(')MHz

Scale/Div 10 dB Ref Level 10.00 dBm
Log

~ Quarter-Rate
Clock @8.55GHz

~ 40MHz

120 — - |
Integrated Jitter (100Hz to 1GHz) el

140" Raw: 846.7fs; Smoothed: 390.1fs

Start Offset 100 Hz Frequency Offset (Upper Side Band) Stop Offset 1.00 GH
arker Tab
Mode | Trace X Y Function Function Width Function Value Power
1 N 500 MHz -130.74 dBc/Hz|  Integ Noise 999.9998970 MHz 846.7 fsec| DSB o 8
2 N 500 MHz -129.69 dBc/Hz| _ Inteq Noise 999.9999000 MHz. 390.1fsec| DSB 1T IO A Ll
3 N 10.0 kHz -98.64 dBc/Hz S5B
4 N 100 kHz -97.01 dBc/Hz SS8B ‘ \ ‘ ‘
5 N 1.00 MHz -120.65 dBc/Hz S5B Center 8.5500 GHz Video BW 100 kHz Span 200.0 MHz
- 6 N -120.25 dBc/Hz |_J#Res BW 100 kiz Sweep 2.07 ms (1001
B

Measured integrated jitter Measured spectrum at 8.55 GHz




Design 1: Measured JTF and JTOL Curves

=== FvC0=4.9G ==0== FvC0=7.45G
Fvco=8.55G O Fvco=9.15G

—0= Fvco=49G =0 Fvco=1.45G|
Fvc0=8.55G m=O== Fvc0=9.15G|

Gain (dB)
=

15} —
< 1 Dt
208 Dbt i W it s L
Eadary 1 — 100 Ry : 0 100
Jitter Frequency (MHz) Jitter Frequency(MHz)
Measured jitter transfer function Measured jitter tolerance
with 0.1-Ulpp input jitter curve with BERT
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Design 1: Measured Results Under Different Data Patterns

oo e T = Fon
v Immiin v 14 wins -
o Standard Deviation = 2.72ps — iation = e Standard Deviation =3.00ps Standard Deviation = 2.99ps
Standard Deviation = 2.81ps .
Jitterpp = 17.93ps Jitterpp = 21.15ps Jitterpp = 24.54ps Jitterpp = 21.82ps
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] [] ¢ (]
2 Quarter-Rat 1 Quarter-Rat ™ Quarter-Rat I Quarter-Rat
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Design 1: Summary and Comparison with Prior Arts

This Work ESSCIRC18 [22] | JSSC18[32] SSCL'20 [23] JSSC'20 [24] JSSC'21 [33]
_ Single-Loop Half-Rate Single-Loop Single-Loop Single-Loop Single-Loop
Architecture Quarter-Rate CFD+DC.ED Half-Rate Half— Rate Half-Rate Half-Rate
BBPD BBPFD Linear PD Extended BBPD BBPD
Oversampling Ratio 2x 2X 4x N/A 2.5x 4x
Need FD? No Yes Yes No Yes Yes
Data Sampling Clock? No Yes No Yes No No
Data Rate (Gb/s) 10.8 to 37.4 41010 6.7t0 11.2 6.4 to 11 6.5t012.5 41020
Absolute Capture Range (Gb/s) 26.6 6 4.5 46 6 16
Acquisition Speed ((Gb/s)/us) 463 0.26 418 0.29 2 16
Output RMS Jitter (ps) 0.847* 1 0.390* @8.55GHz 1.05 @5GHz 1.8 @5GHz 1.66 @4GHz 1.15 @5.9GHz 1.95 @10GHz
JTOL (Ule) @ Jitter Frequency @1%::r|Hz @gﬁzsh:Hz VA @Sdsooanz @1%(]:4Hz @2%3&Hz @1%3[3le2
Power Consumption (mW) 45.65 @34.2Gb/s 33 @10Gb/s 22.5 @10Gb/s N/A 21.13 @10Gb/s 37.3 @20Gb/s
Energy Efficiency (pJ/bit) 1.33 3.3 2.25 2.7 2.1 1.87
Supply Voltage (V) 1 1 1.3 1 1 1.2
Core Area (mm?) 0.0827 048 0.047 0.11 0.031 0.045
CMOS Technology (nm) 65 28 65 28 28 65
*Obtained from integrated phase noise from 100Hz to 1GHz.
. DR/F . ourses 20 angha Re 0 O - o




Outline

* Design Example 2: A 6-10-38Gb/s Capture-Range Bang-Bang Clock
and Data Recovery Circuit with Deliberate-Current-Mismatch

Frequency Detection and Interpolation-Based Multi-Phase Clock

Generation




Design 2: Multi-phase Clock Generation

.................................................................................................
. -

o CKIP CKQP
2ck| 4 w 8 fck : :
. CKIN CKON

{ 8-phase Ring Oscillator ) ( 4-phase Oscillator and Divider ) ( 4-phase Ring Oscillator and Phase Interpolator J
o Large Power Consumption e Burden in 2fck High-Speed Clock Design e Lower Power Consumption
¢ Requirement of Wide-Locking-Range Divider
» Difficult to Offer High-Speed Clock « Difficult to Constrain Phase Relations e Tunable Phase Relationship
(a) (b) (c)

Commonly used eight-phase clock generation schemes: (a) eight-phase ring
oscillator (b) the divider follows the quarter-phase oscillator and (c) the phase
interpolator follows quarter-phase ring oscillator

« Half-rate or quarter-rate scheme to relieve high-speed clock design pressure

* These scheme requires multi-phase clock generation

A
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DeS|gn 2 Proposed Wide- Capture-Range BBCDR

[ Clock Path Generation )

CKI CKQ CKIB CKQB CKI CKQ CKIB CKQB

SC
D Control

Switch Capacitator Array

11122322

VCO Band
Control logic

Band

Ve

YsYaYsY2Y1Yo!

j Mode Switch
T Control logic

( Data Path Generation )

Edge Detector in non- Preset Time,
operating State in Z M1 I !
apreset time EAM PAN
FAM PTM
SW Toggles; VCO Band Jumps; SW Holds; VCO Band Holds;
MDSW =0; In PNC or NNC MDSW = 1; In ZNC
Edge Detector Preset Time Reset
generate '—“ "
pulse output MW %wh‘
FAM PAM FAM/
Samplers

o
2]
<

o1
M G

:
VA A
R1=70370 * e
C1=4042pF =
................... A A
Veont : T Ly CKaos
_L i CKiase
T G S
Lo 2 3
IC1 { T T CKigo
I CKazss
................... & oI ol 4 u
. ] A A
Loop Filter H T T CKans
\ 7 . CKaiss
L
D
» » » » D -
2 A D 0 U 24

~

Clock Path (Multi-phase
clock generation)

J

" HCC (VCO band control |
and mode switch
control)

J

AN

~

Data Path (Data retiming
and phase detection)




Design 2: Clock-path Generation

Cell Schematic

Quarter-Phase Ring Oscillator

CKe |+ =

CKan [ = +/

CKas
CKans
(a)
y
A | —e—Vi=0 Va=03 —e— V=045 ) -20
16 :
Va=05 Vaz0.6 —o—Vaz09 Ny / T 40
~ 14 . / %
S 12| —— — —— N / @ 60
[ St e, : -
g 10 B _g 80
e 8 : / = 100
= % P
S6| o —— — / £ 120
> o
~ 4 e
o : -140
S 2
0 [ o o o » -—-> -160 A >
0 02 0 " . 2\ 10K 100K 1M 10M  100M
Veont (V) Offset Frequency (Hz)
() (d)
Quarter-phase RO design
. < . . . - . 4 L J L) [ J v - . .




Design 2: Nonideal Clock Phase Effect on PD Curve

With SC Cap Load

" Use SC load to smooth )
quarter-phase clock for

(b)

SP..

a

PD Curve
(d)

L

E PD Curve
(0 ; (0

better interpolator

Ideal phase relationship

\_ V),
{ Leading phase resultina J

negative SP

Lagging phase resultin a
positive SP




Design 2: Switched-capacitor Array

A5
U GN
0
2| [2 13 413 QL QN
A D A = A = As = A4 =
c c c c
VDDD E [ voD x VDD & VDD 2 VDD x
Ao_sc A1 sc Az sc As sc A4 sc
SC array control
Truth Table y
As Aosc | Aisc | Aasc | Assc | Assc ° . . -
T T e e e When the highest bit A5=1,
1 VDD SC load cap=0

@)  000000band has max cap

C?'B C‘?‘*B “ge g load=63*C,

000000band:
Max Cap Load=63*Co
011111~111111:
Min Cap Load=0*Co

* The C,is determined by
simulation




Design 2: HCC Block with Band Preset

Vesmre Vesun SW A2 ser~As_seT
Edge Detector ; 6-bit Counter
D BANDSW S oK 111111 k
VeontIP— J:I_ ¢ ¥3 —pA~As TALSET T VDD TALSET ?AILSET
BT Y
Sc.hmitt Delay Cell Yo l _?A., cL _?A1 JJ _?Az JJ _?Aa JD _?Aa
Trigger VCO Hopping Control D Q Jf D Q Jf D Q Jf D Q J7 D Q J_
BANDSW T °<|' Mode Switch Control Vin > a2l N abdfd N a2l D a2l ap™db
i T |97 | |97 | |97 | |TF | |97 | ¢
Vrer. I— = & & g 8 4
Reseto—|

VREF+ Q D 2-bit Counter

Reset CK< c\)l\:DER Y ;'JII.r"H ke T ‘ Verp
| T c Vern .
tme VCO band counter with band

preset function

Current-starve

MDSW

HCC block

A2 _SET~AS5_SET enable, corresponding A2~AS5 bit set to 1

.- . s . - ' 4 LA ° L/ .- .. - .-



Design 2: HCC Block with Band Preset

e « Bit preset signal is generated by a pulse

w AN AN\ generator
= L L « The bit preset signal follows band reset
BANDSW LLL ] ] L] Signal
Band 0 102 ; LLTL ! 8 ' Total Time for
ﬂjmmm  Preset bit to 1 will reduce frequency
oS | o <, acquisition time
(@)
Reset ::bi Reset S‘e:bi:
F’Braez:t J A ser Enable F’Br:ggt J A ser Enable

Vearr /"N \ \ Veont . Frequency Locked
sw FT ] sw

savosw i [ ] | BANDSW U]
5 s ; Y, ;

Band 5 6,7 .8 - - Band

3 OV,L Tz & Total Time for Frequency Locking 3 0 T 4 Total Time for Frequency Locking

T — — e timer ov erflow T
L L e L L L] 1 L
MDSW | EAM > PTM > MDSW | FAM -l PTN -

b
» D » » N ~ (] - N O ~ de




Design 2: lllustration of different band-jumping cases

" 100000

.'7/40.3%*
~ et

000100

000000

Band Reset Signal Enable 4 :
[IREE] 23456 7:8:9: 10 111213 14151617 1E1g 20 122 32425 262728 29 3031 32
:-f".f’d“ 7 GQL:FH E“J‘I:: o N g
o‘cke;d .Band . . — .To.taITlme forLockmq 1425us —
eset
—_quzﬁand Reset Signal Enable
: Ty

H A; se7 Band Preset Signal Enabl

PR L

12 3141515 1716 16 20" 71 52 25 24735 26 57 2678 40 3192

| P T
et A

Sl

Total Time for Locking: 14.02us

and H
pvn ¢ Set Bandl to 1 :

TotaITlme for Locking: 11 .24us

« > Band Reset Signal Enable

Ay serBand Preset Signal Enable
16

0 l 17‘131920‘2‘!22232425252?2329 30 31 a2
o f'*. ?‘! i el al .-
A LAy Bitd Preset to 1 A W I AL e
- 0l 1‘\- e "».. *. i *-.
Locke 'PE.%} Set Bandd to 1 TotalTlmeferLocng 6.42us

[—2/Band Reset Signal Enable

Case1:without any bit reset signal
Case2: with hit2 reset signal enable

Cased:with bit5 reset signal enable

(a)

siser Band Preset Signal Enable
0 32
. Bit5 Presetto 1
- ]
Locked Bang. Tofal Time for
Reset Set Bands o 1 Locking: 0.39us!
= 0 z Wz

The preset signals do not impair the
operation of the loop during the FAM period

Input data rate is of 12 GHz ~ 14.3 GHz
(band 4 to band 7), A2_SET will set bit 2 to 1

In the frequency range of 14.3 GHz ~ 16.6
GHz (band 8 to band 15), A3_SET will set bit
3to1

In the frequency range of 16.6 GHz ~ 28 GHz
(band 16 to band 31), Ad_SET will set bit 4
to 1

In the frequency larger than 28 GHz (band32
to band63), A5_SET set bit 5 to 1




Design 2: Chip Photo and Area Breakdown

AreaOOO3mm2 '

a ¥l 1

Total Top Area: 1.28mm? .
0.11 i
mm

Area: \ /
0003mm2

Area:
0.007mm?

Ks

ﬁ%%ﬁlgﬁﬁiﬁﬁﬁﬁaﬁﬁ& B

= :-’
ke Area Breakdown (mm?)
}f" Main Circuits Area Main Circuits Area Auxiliary Circuits
A [PD+CP +XOR 0.0026 | E |RDAC 0.0007 | L4 | Dourz Output Buffer
‘ §y’é B |RO + VCO Buffer 0.0011 | F [HCC 0.0005 | Lz |Dours Output Buffer | Decoupling
C | SC Array 0.0011 | G |LF 0.064 |Ls |Clock Output Buffer Capacitor
: (2] D | PI+ Pl Buffer 0.0002 H | Veonr Output Buffer
e Total Core Area: 0.07mm?
ﬁ Power Breakdown (mW)
Sub-Blocks Power Proportion Sub-Blocks Power Proportion
kg Vco 10.37 42.1% XOR 1.01 4.1%
— cP 1.13 4.6% PD 4.41 18.0%
e Pl 1.50 6.1% HCC 0.47 1.9%
%}; Pl Buffer 5.72 23.2% Energy Efficiency = 0.769 pJ/bit @ 32Gb/s
[y
= Total Power Consumption: 24.61mW

e ||
\* =5 ‘\.‘.n-

The total area of the PD, CP, and XOR modules enabling data retiming, phase detection,
and frequency acquisition are just 0.0026 mm?, i.e., 3.7% of the total core area

;A » .I. » 0

e 240




Design 2: Measured JTF and JTOL Curves

[ —o——  JTF.6G
—o—— JTF 20G

JTE326 |

Input Jitter Amplitude = 0

.05Ulpp ;

\

0.1

Measured jitter transfer function
with 0.1-Ulsp input jitter

1 10
Jitter Frequency (MHz)

(a)

100

| —0—  JTOL 206 | _

........ : JTOL_326 .........

JTOL (Ulep)

0.1 RS

0.01 L

0.1 1 10 100
Jitter Frequency (MHz)

(b)

Measured jitter tolerance curve
with BERT




Design 2: Measured Eye Diagram

6Gb/s input

32Gb/s input

e oA v . o e v [S—
L -108 650BCHZ 0 . 0 100.0208 oz 0 |
P, @ 10xHz 143108 0kHz - @10z 11209 oMz
3 @lomz 4 @10MHz
- / i Quarter-Rate - , . P -20 Quarter-Rate
L] 4 \ 4oMHz Clock @1.56Hz ; v LMz Clock @5GHz
Integrated Jitter (100Hz o 1GHz) Integrated Jitter (100Hz o 1GHz) A |l-s0
140 Raw: 32ps; Smoothed: 1.54ps Aa 19 Raw: 311ps; Smoothed: 1.80ps
::n:-- E -~ F—y T - Vot S oy e+ 4 ) -w
= cne —
- - | Y,
O 120mV o ) Standard Devision = 253ps standard Deviafion = 384ps
L Jitter, = 18.74ps Jiter,, = 25.865ps
Recoverad Clock ___I“"N A0
£ £ W / 1
Imm/ 2T7ps Z" [16«:.\! fhh
T R e T e S e e e 573z i e T
Recovered Data - ;. Recoversd Data ":‘. - - :
(b)
s TS v JUSB. o s | e [N,
0 -98.33BaHZ 0 0 -96.8008 0HZ 0
log @10z s Sm H ' - @ 10z -11761080Hz !
y @10MHz @ 10MHz
e 4 y -2 L0MHZ QuarsrRate 100 = / -2
7 — Quarter-Rate
o Clock @8GHz & LomHz
20 ; allo 20 | J Clock @0.5GHz
Integrated Jtter (100Hz to 1GH2) Integrated Jitter (100Hz to 1GHz) ¢
*o Raw: 1.54ps; Smoothed: 910 5fs 14 Raw: 1 37ps; Smoothed: 636.4fs
T D 46 -w Bt O 120 Py O L e Bt Ty O 1 3¢ el —w
g e ——— ol
StandardDeviation = 1.81ps StandaraDeviation =2.17ps
Jittor« = 1392ps Jitter,, = 16.3ps.
Recoversd Data — -

and Histogram

20Gb/s input

38Gb/s input




Design 2: Summary and Comparison with Prior Arts

This Work ESSCIRCZ [13] | JS5C21 [4] JSSC17 [23] JE5C20 [24] J55C22 [34] J55C22 [36]
_ Single-Loop Half-Rate Single-Loop Single-Loop Single-Loop Single-Loop Single-Loop
Key Technologies Quarter-Rate CEDDCED Hal-Rate Half-Rate Half-Rate Full-Rate Half-F.ate
BBPD BEFD Baud-Rate PD | Extended BBPD BEFD BEFD
Oversampling Ratio 2x 2 dx 13 25 2 2
Meed FL? No Yes a3 Yes Yes Mo Mo
Data Sampling Clack? Mo Y3 Mo Mo Mo Mo Mo
Data Rate (Ghis) 6 to 38 41010 41020 2251032 6510125 23410291 47610588
Absolute Capture Range (Ghis) 32 5] 16 95 B 57 12
Acquisition Speed((Gh/s)ips) 319 026 16 0.001 Z 82 981
' Output RMS Jitter (ps) 1.81% 1 0.919% @8GHz 106 @HGHe 195 @10GHz | 26 @125GHe | 115 @5.89GHz | 0487@14GHe | D.41B@13GHe
g@T ?#t e(LrlepJ Dy (NRZ) @10 tﬁHz @gﬁi?rfu-lz A @1%35% @1802MHZ @2%03&% A @1%32%
Frequency Oy (PAN] NIA NA MA YA A MR @QE[]]Giu'IHz @ 801MF|2
IF'ower Consumption {miA) 246 @32Ghis 33 @10Ghis 373 @20Ghis | 87681 @32Ghis | 2113 @10Ghss 1916 1110131
Energy Efficiency (pJibit) 0.769 33 187 2.74 2.1 06s 02210025
Supphy Voltage (V) 1 1 12 09 1 12/086 1/06
Gore Area (mm?) 0.07 048 0.045 0138 (0.031 0.0285 0056
CWMOS Technology (nm) 65 28 65 28 28 28 28
BA : DR/F P ourses 2024 sha : 0




Motivation
Design Example 1
Design Example 2

Conclusion

Outline




Conclusions
Design 1:

* Quarter-rate reference-less BBCDR without separate FD
» Achieve wide capture range (10.8 to 37.4Gb/s)

« Small core area (0.0827 mm?)

* Low energy efficiency (1.33 pJ/bit)

» High jitter tolerance (0.355 Ulpp)

Design 2:
« Current-mismatch-based frequency acquisition technique to achieve FD-less
frequency acquisition
* Phase Interpolator-based multi-phase clock generation scheme
« Tunable clock phase

* Achieve wide capture range (6 to 38Gb/s)
« Small core area (0.07 mm?)

* Low energy efficiency (0.769 pJ/bit)
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Motivation
— Background

Outline

— PLL Architecture Choices and Frequency Planning

Proposed Cascaded PLL Architecture
— 1st-stage Low-Jitter Sub-sampling PLL (SSPLL)
— 2nd-stage Dual-Path Sub-sampling PLL (DP-SSPLL)

Measurement Results
Conclusion




PLL General Background

<. VCOIDCO |FoMjq=1010g] 2= P0c
. 0 Jitter 0g (18)2 1mW

&

g Spt:; S few

@ | CPITDC 4

_‘:“ Spur

o [ df PLL

jitter’= (o ]:)ut) Phase Noise
>

Offset Frequency

 To suppress the in-band phase noise, a large PD gain
IS necessary

« Sub-sampling technique provides the highest gain so
far among different phase detector techniques




PLL Jitter Requirement

T°|Er(?:'e i”“f’ 294c  [Prof. Behzad Razavi, ISCAS 2020]

PAM4 TX
100 @
W wiki 6
|
801~ 40240AM
70 D)
60|
50|
40 |-
30 3G, 30 GHz  wiFi 7
20 2552‘\"4‘ 4096QAM 224G PAMARX ., oo
B @ 7-Bit ADC
12-GHz ADC
10 |- O A
>
Application

« <100-fs jitter required for PAM4 TX, < 20-fs jitter required for ADC-based PAM-
4 Rx




Background: Application & Challenge

 Towards 224-Gb/s Transceiver,
28-GHz clock required for
quarter-rate operation

 PLL jitter-power tradeoff due to
degraded LC-tank Q

At >10-GHz GHz, LC-tank Q
degrades significantly

-
O

wid

Quality Fac

Quality Factor

100
80

N A O
o O o

- = = =
0 o N ~» O

—a— Capbank| -

—e— Inductor |

—5—4—‘_
—— m—
0 20 30 40 50 60
—s— LC Tank| -

o

20 30 40 50 60
Frequency (GHz)




Advantage of Cascaded PLL Architecture

28-GHz VCO

Ref.—»| Single Loop P> @

1

>

3

Referenc

PN (dBc/Hz)

IPN sin:gle_loop

e PN

Single-stage PLL BW

Freq

v

7-GHz RF PLL 28-GHz mmWave PLL
Ref - Low jitter N Wideband R @
711 -stage RFPLL| |2"-stage loop
) I

A

N

-
3| {68 dB
% Reference PN
= 2,

(= : VCO tage

4
<

IPN cascaded loop
17:Stage VCOPN

1%-stage PLL BW Fre

>

q
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Architecture Planning: 15-Stage RF PLL

Low-lJitter 7-GHz RFVCO1 Wideband 28 GHz VCO2

—>

Ref. —»‘ 1*-stage loop i—»l_(\’,zi—r 2" sta ge loop
L 2

S

band noise

AC-
Ref. —{ SSPD |—> SSCP+LF —-@

I Type-ll Loop

--------,

¥ Maximized PD gain suppresses in-

* AC-coupled SS-charge pump
(AC-SSCP) and gain-boosted

SS-buffer (GB-SSBUF)
¥ No divider-induced noise




Architecture Planning: 2nd-Stage 28-GHz PLL
Low-Jitter 7-GHz RFVCO1 Wideband 28 GHz VCO2

Ref. —»‘1St-stage loop @ 2"_stage loop | @

2 A [
: : RF Passive
RF —> : RF SSCP : => SSPD N
. . Ref. LF
Ref.—) Pulse Gen. N @ E Ref. —| SSPD |—> . LF E 3 [ @
SSCP+LF [

| E SSBUF
| FIL |<——| SSBUF

X Power hungry pulse : X PN from SSCP and LF ™ Low in-band noise
generator (PG)at i X Large SSCP power i ™ Negligible SSCP power
GHz range consumption at GHz : consumption

: i ®No off-chip LF capacitor
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RF-PLL Frequency Planning

Proportional}Path

AC- Passive

Ref. —{ SSPD [ (o N, ",F;;ﬂ\‘ RFBUF}—| SSPD e P
Type-ll Loop M /| 1 @
— IsSBUF| ] SSCP+LF [~
-— >
SSBUF Integral Path
1%-Stage Low-Jitter SSPLL 2"%_Stage Wideband DP-SSPLL
This work: RF-PLL freq at 7 GHz RF-PLL freq at 1.75 or 3.5 GHz
& Close to maximum LC-tank Q X Lower tank Q, worse RF-VCO PN
& Sufficient phase margin for 2"9-stage % Causes phase margin-BW trade-off for
PLL loop filter at 100-MHz BW 2"d-stage PLL

X Higher power for buffer ™ Less power for GB-SSBUF and RF-BUF

.- . s . - ' 4 LA ° L/ .- .' - .-




Proposed Cascaded PLL

FLL — —
AL FLLCP
o
o-¢ |Lock Det.
Pul. Gen. A ‘J:EJ_I:_S_{CB'
(: J\l\lﬂl\r 1 /"—-'Qs
—\—’——a-\—)AC_SSCpx —_—
Vsam

______

I

RB%
VvV

SSBUF [«

e
B%_I 7-G

Hz SSPLL

OBufj~—

OJA ZHD-L

5

Proportional Path

T TR

28-GHz QVCO

()]

‘1HCpy
2

Div-4 <«—

¢,

I-CP

Integral Path =
28-GHz .

H
0
‘1H
0

Output




Outline

* Proposed Cascaded PLL Architecture
— 1st-stage Low-Jitter Sub-sampling PLL (SSPLL)
— 2nd-stage Dual-Path Sub-sampling PLL (DP-SSPLL)




1st-Stage Low-Jitter RF SSPLL

o st
1st-Stage SSPLL Gaing,

— Increasing SSPD gain NTFsspp = 7|
(GSSPD) to lower noise ( #ifow)Gssen
transfer function (NTF) Gsspof NTFsscp =
of PD, CP, and LF

GaiHOL
(1 + Gaingy,) Ggspp8Mggep ‘

GaiHOL
. ' NTF, ¢ = -
SUbsa,mplmg Charge LF 1+ GamOL)GSSPDTPUL/TREFgmsschSSL ‘
pump’s offset current UL
i SH eeecceee= meees
reduce the SSPD gain PULy oo W !deal |
— An AC-coupled SSCP Vearm -~ locking point
will be described later in p— U_—"""""""" Locking point w/
the circuit technique " offset voltage
section (]

lsscp 3 -0 uA




1st-Stage FLL

 FLL, an auxiliary loop
— For initial frequency lock-in
* Interface between FLL

and SSPLL: Dual-branch
loop filter
— Allows independent loop

gain control for FLL and
SSPLL

FLL

l— MMD | D2s |«
P Ry
->|PFD + DZ[—>| FLLCP =1 l—m— :
3 P
o-¢ |Lock Det. c E{E R c :
- [ = 3 '
v 8 *! HH: HH-
- H
—>Pul. Gen. g Q| Gty
I 1 a —E§ngt E
” [ Zc, |
1% SSPD +——| AC-SSCP - T—.va— ;
........... 2___.
I T il
[ Co | SSBUF
Asur} R%
o [\/ "Fves  7-GHz SSPLL

03/\21-15)1\‘18 / '
OBuff

. /]




2nd-Stage High-Frequency DP-SSPLL

28-GHz VCO

—W—

« The 2"9-stage, is a parallel dual- -
loop architecture males

* Proportional path (P-path) Proportional Path """
dominates the overall loop TR v
dynamics, provides a wideband "|ICP1 "IICPZTP>
to regulate the VCO phase noise 15t.gtag¢ — > :If_"'“*’ml ______________________ @

- u T

- Integral path tracks frequency ~ PLL L% ey
error -CP IR
— Enhances SSPD gain Integral Path = = '2
- Provides\/CO close-in flicker noise . 28-GHz <—BufDIV4Buf

suppression Div-4 Output

.. » » ° - .A - ° - D) ~ .'




Measured PLL Phase Noise Plot
The 1st-stage RF

Ref Level & Att -2.10 dBm, Att O dB

SSPLL dominates the :

. 110 kHz ; S 100kHZ ! . P lMH ! Dol b dOMHz o MIT1] 14606dBc/Hz
M €9+ 499995 MHZ

Measured Level -2.68 dBm
Initial Delta 0.42 db
Drift 0.04 dB&

Measured Freq 7.000441928 GHz
Initial Delta -311.19 Hz / -0.04 ppm
Drift -6.38 kHz / -0.91 ppm

-84 dBg/Hz=

overall jitter éiFree Funning 3

HzVCO
— 1st-stage contributes -
54 .4-fs out of 56.8-fs

138 dBgiHz

' : R T-GHZ PEE T
total rms jitter - £ s Jitter

Frequency Offset

p h ase n O i Se i S 2 Type | Offset Frequency [T1] | Phase Noise [T1] |

User 3 100.00 kHz -116.51 dBc/Hz
. User 4 _ 1.00 MHz -121.81 dBc/Hz
SUffICIentIy attenuated User 5 Cascaded 28 GHZ 10,00 MHz -135.61 dBc/Hz
2 Residual I\.Ic|)ise Q|PLL le'4 | | | |
T Start Offset Stop Offset Int PHN PM FM Jitt
—_ Over 1 kHZ tO 1 OO MHZ = W AL s 146.78 m° / 2.56 mrad 38.45 kHz TR [
1 1.00 kHz 30.00 MHz -55.06 B 143.15 e/ 2.50 mrad 13.28 kHz 56.80 fs
P — _— —
ra nge QVCO PN T T.00 KHiz 100,00 Mz 55,37 OBC 136,04 e 7 2,41 mrad 18,07 Kz 54,77 T3
’ T4 .00 kHz 30.00 MHz -55.43 dBc 137.16 m® 7 2.39 mrad 1,13 kHz 54.45 f
. . 1 =stage 7-GHz PLL
profile is well above

\\y VLU d|V+4 | ILI scaded LWT
L ERIREEEE QPLLdIV4

-111 dBefHz
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Measured Reference Spur

0
0
0
¢ C
oiun
l 1
. - e T °
Y.
. - o & @ o oo eoeee MI-I'JII]- | | | | | | | | I
B R e B e s | HP I | 1
mmmm 1 clBm
GHr SO0 00,0 MHEF
_ Marker Table
i GHe 0 prs 10 M S FAGHE | pype | Ref | Trc | H-vakue | v-wake | Fuanction | Function Result |
2 Marker Table M1 1 7.0008 GHz -3.19 dBm
Type | Bef | Trc | H-Wakie | V- alue Fusniction | Function Result | (=31 M1 1 -250.35 MHz -70.80 dB
M1 i 7.00048 GHz -6.21 dBm oz M1 i 249.71 MHz -72.64 dB
Ci1 1L 1 -250.03 MHz -77.04 dB C3 M1 1 -1.75085 GHz -85.87 dB
(e i 1 250.03 MHz -77.20 dB [ M1 i 1.75005 GHz -91.49 dB

« 1st.stage RF SSPLL output « Cascaded 28-GHz PLL output
spectrum, measured after an spectrum, measured after a div-4
output buffer and output buffer




Measured Phase Noise Versus Loop Filter Voltage

* By shorting the AC-coupling capacitor, and switching off the level
alignment loop, the AC-SSCP is configured into a conventional SSCP

« By using the AC-SSCP, the phase noise and jitter performances remain
robust over a loop filter voltage range from 0.16~0.92 V, under 1.1-V

voltage supply

':E -90 .Y _: _______ T _______ i__ VLF=6-16V N Q0 i_' V,_F=IO.16V
c o100 " 1 ______ _ pittersms =57.85fs|-| =& _-100 L __l_______ _ | Jittergms = 92.07 fs |
Z3 110 | [ Ve-oe2v =z 3T .110 : . || V=092V |
= . ——— " itterns=64.237| | 2= | e | itternws = 98.27 fs
Y g-120f - doooo-oC B | yE8-120p J ey
'-a E 130- ) VLF=0_.45V _______ : __________ %.‘23_130_ ________
E & 140-J'tterR""5|' >7.281s| _____ i ------- " » E B qq0f LR m 2707 B)
A -A50F - VDDcp—l N G S E-150-_______;___- R M.

U 1 i i i

< 10° 104 105 106 107 108 10° 104 105 106 107 108

Offset Freq (kHz) Offset Freq (kHz)

.- . s . - ' 4 LA ° L/ .- .. - .-




Die Micrograph and Power Breakdown
« Prototyped in 40-nm CMOS, core 0.4 mm?

2nd-stage QPLL ﬁef. Buf., SSCP, 2.31 mW

(1)

o ‘e

f,3.92 mW
9%

’y - b = = 7 = N 4 - X ) TN : . .
B e e s et SO 2 - w
i - ,"4:'- e S | v ' Y e y E . =407
Y L .Y = 4 5 ¥ S0 Bty oy R L | 7-GHZ Vco}
. ¥ S . N Ay - - b E
by - i gt > R )
1" - : .'2_ g ._% hns ‘? : - . .1
7 w5 . 2 : ALY o v ———— : -
S R L e i o - QVCO Buf,, 8.82 mw
'} . 3 - _ LS
Faide i f L TEARE R > » y
o . QE PERrLEY. . ) s . 7.43 mW 21%
‘V > V. - ¥ . T e s‘{- | B 7‘ 5 3 - & , ! < A
4 . F‘ - \ . - ~ 3 - -4 v .i _ | D
! i N - —- ‘ 5l [
s q S —t . 4 M A2y |\
A | N ~ L) . p ~
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" _ ARy I8 ™
. $ o e I ‘ B 3 =
, LI : P 7-GHz VCO
: — LR N e I S E - p
2 X o S dr i . 3 5 = S 5 <] ¥
ol _ - | Ll .- Y L= | .
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f
8
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SPD, PG, AC-SSCP,
FLL, 2.63 mW
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QVCO, 16.
40%




e Conclusion

Outline




Comparison Table

Hu EK Yang Du Kim Liao This work
ISSCC20 JSSC18 ISSCC22 VLSI21 JSSC19 JSSC20
Tech 28nm 28nm nm 28nm 65nm 45nm 40nm
CS + : : Cascaded
, : Harmonic Harmonic Cascaded Cascaded
Arch. Harmonic | Single-stage | ixing extraction | SS+QILO | RSPLL* | sS+DP-Ss
Freq. (GHz) | 2675 . 25~28 24~31 28~31 33.6~36 s
Freq. range 19.3% 25.8% 11.3% 25% 10.1% 6.9% 21.4%
Ref. (MHz) 250 491.5 74 50 100 80 250
Jitter (fs) 75.89 114 88 199 76 251 56.8
(10k~30M) (10k~30M) (1k~30M) (10k~10M) (1k~30M)
Spur (dB) -45 -65.1 -61 -65 -58 -60 -55.6
Pdc (mW) 16.5 31 12.9 11.5 41.8 20.6 42 . 1
FoMiiter (dB) -250.2 -244 -250 -243.3 -246.1 -238.9 -248.6
FoMiiter-N (dB) -270.4 -261.2 -275.8 -270.9 -270.7 -265.3 -269.1
Area 0.5 N. M. 0.24 0.3 0.32 0.41 0.4




Conclusion

A 24-30 GHz Cascaded PLL is designed and prototyped in 40nm
CMOS for generating low-jitter clock

The 1st-stage RF-SSPLL 6~7.5-GHz adopts an AC-SSCP and a GB-
SSBUF to maximize the SSPD gain and hence suppress the in-band
PN, yielding a low-jitter reference with 54.4-fs RMS jitter

The 2nd-stage DP-SSPLL at 24-30 GHz uses a wide loop bandwidth
(~100 MHz) to sufficiently suppressing the VCO phase noise

The overall cascaded PLL achieves 56.8-fs RMS jitter, -55.6-dBc spur
level, -248.6-dB FoM;j, with 42.1-mW power consumption
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CDR in High-Speed I/O

< o 2 1/2 _\ or
— — mH—> or
1 \ 4 * cho/S
—{Decoder I'

« Various sources introduce jitter through AM-PM conversion

— Channel, circuit, supply noises
— Temperature and supply variation

* Clock and data recovery (CDR) ensures robust jitter tracking and

decoding

Pout
o




Tradeoff between JTRAN and JTOL

>

frefi

O '
g JTRAN v JTOL
o. (s d.(s K ()] S '
m( ) Z e( ) 1/21r _)—\ L ODI‘L TRAN( ) 5 |(DTRAN/ (Dinl E |(De/ (D,-n|
+ Kvco/s - :
o
- Q
I s

CDRBW _ Freq

« Expected: Wide jitter tolerance bandwidth (JTOL BW) with narrow
jitter transfer bandwidth (JTRAN BW).

— Lower probability of generating error
— Lower jitter on recovered data and clock

 Both JTOL and JTRAN BW are fixed by the CDR loop BW.

.. = = U - " C ° C RE ..




Issues of Large Jitter Transfer

Rx &
H- Gor | ™

| CDR

Retimer

Rx & T

Retimer

Jitter
accumulation

 Large jitter transfer leads to:
— Jitter accumulation over multiple stages
— Uncorrelated jitter across multiple parallel transceivers

TR
RN N

Data.N

CDR

CDR




Conventional Dual-Loop/Path Architecture
« Delay/Phase-locked loop (D/PLL) based dual-loop CDR

KDL

d’in(s)_*') Z

« Fast proportional path

1

—{ 2 l1/2n— \ M

®oyr ° Slowintegral path

Kvco/sI—

[G. SHU, JSSC2015]

« Separated loop filters for data sampling and edge sampling

v |

®in(s)| 2d LPF K
e L
3. —| DLF o K

T-

* Fast edge path
(0 S
TRAYS) * Slow data path

[X. ZHENG, JSSC2017]
[M Hossain, VLSI2014]




Conventional

>

Motivation

Freq Response

JTRAN | JTOL

Proposed

* Challenges:
— Conventional dual-loop CDR not applicable to PAM4 Vi-rate RX
— Low frequency jitter cannot be attenuated.

» Design targets:

— High data rate, 60-Gbps, quarter-rate architecture
— Narrow jitter transfer, wideband jitter tolerance

CDRBW Freq

0 = ) 24

>

Freq Response

WB JTOL

Attenuated
JTRAN

CDRBW Freq




« System Architecture
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Conceptual Dual-Path RX Architecture

PD: phase detector

Path 2: for jitter compensation
- P J| Kevent ¢TRAN(S), CP: charge pump
MSBgrec, LSBrgec, DATAgrecuc LF: loop filter
CLKgec CSG VLFiny(s) T CLKrecuc VLF: loop filter
\'M i fref voltage
1 VLF,\y: inverted VLF
Din(s) [ D(s) MMV n
o— I +HA—~PD|I—— CP & LF —— KVCDL VCDL: VOltage'
o VLF(s) controlled delay line
Path 1: Wideband CDR CSG: complementary

signal generator

+ Path 1: 40-MHz wideband CDR for large jitter tolerance
« Path 2: jitter compensation path




PAM4 Input

Detailed Block Diagram

: Data path :
| |
| Cal | == Buf | Top slicer Top |
| ' v . |
| SIH |—4+={ Buf | Middle slicer Middle ch:;ie Lkl |
| —/\ LS - Bottom onverter I
DAC | .t:3] Buf | Bottom slicer . |
t:'_) 2-Stage - |
1 | CTLE Edge path MSBrec & LSBrec MSBrec & LSBrec !
: /, ‘\ C'VCDLS :
Ly SH ] Buf | Slicer > BBPD Inverting Voltage ——— 1
: I Follower M 45
| cp i
I T I
: LF y
| i AD-DA it [V WE ?
" CLKRrec VLF i > i |
| CLKgec !
I 8-Phase = Voltage 6__,% O
=
E WB-PLL CLKpLL Sty Follower i
Clock Recovery DLL CSG Jitter Compensation:

- s G G S G G G GES GE GES GE GER GES GED GED GES GEe GEe GEn G e e e b

CLKgrecyc LSBrecsc MSBrecuc

Tcode: thermometer
code

Bcode: Binary Code
LF: loop filter

VLF: loop filter voltage
VLF,\v: inverted VLF

VCDL: voltage-
controlled delay line

CVCDL: Complementary
voltage controlled delay
line

CSG: complementary
signal generator

CLKggc: recovered clock

CLKggc,c: recovered
clock after jitter
compensation




MSB

CP

L3B.1 BBPD

EDGE

cycle.

Delay-Locked Loop

VDDcp VDDp,

VLF(s) of

OUTN
INP o—

VDDp,
lo VLF(s)
OUTP
I—o INN
1B o]

C,>>C, alleviates the effects of CP current steering on VDDy, .
R,, C, filter out the spur due to charging and discharging.

VLF(s) controls the time constant of output rising edge.
Duty cycle correction (DCC) and cross-coupled PMOS ensures 50% duty




Jitter Compensation Block Following the DLL

VDDcp VDDo (LF VCDL o

Lo la GRS ST Tl

T . VLF(s) AV REFo—{ A A~ _ REC
W CVCDLyss

L
oooXo [ e et et iy e ] N :X:X:
8 R % > o e
BT CHES o P e o
LSBrec ©T] DCC : LSBRrecuc
CSG VLFINv(S)\A/\ °_|_ _______ p
—— CVCDLewx

-
CLKgec 3T

h

-I-
|
|
v
AWA
|
|
Tl
11=i[
A
by
0
-
x
ﬁE
&
@]

« Complementary signal generator (CSG) generates VLF,,,, controlling CVCDL
to compensate the jitter from DLL.

« VCDL and CVCDL adopt identical layouts, with dummy in middle and two
sides to improve matching.

.- . s . - ' 4 LA ° L/ .- .. - .- .




Characteristics of VCDL

-

N ~ o

o N o
I

VCDL Delay (ps)
N
(3

VLFpc (V)

350

0.4 0.6 0.8
VLFpc (V)

« VCDL covers a delay range from 0~105 ps, with VLFy: from 0.15 ~ 0.85 V.
* Kycp, varies from around 70 ps/V to 300 ps/V, from 0.15 ~0.85 V.

« CVCDL should be operated at the same DC level as VCDL to match their gain.

. /]




Complementary Signal Generator

Lock Detector :

 Voltage follower isolates LVennsie
VLF(s) from comparator ﬁm f
kick-back noise. CLkonrss oo FETA—] B
» 8-bit SAR-ADC detects the o)l - = = -
DC level of VLFg,(s). 4:?{3[@1 - :
: : @ L1 I "Voltage 1! b |
* Inverting follower receives ofTIwl 3 L _Followar_ 1} |~ |
VLF(s) and VLF,,. and 2 e T TIrbacH 55 |1
generate VLF /s). TQFR» A |
: Inverting .E
| Follower |
e e k-




Transient Simulation of CSG

« Stage-1: DLL locked within 0.9

©im! | i| VLFivTracks VLF with
around 20ns =Rt W ¥ inversed phase
OBETE. et B |
. S_tage-2: CSG _en_abled to S o | §§ RN
yield VLFy,cwithin 200ns o 0.-7F 19~ g5 -
= b ; 500 600 700 800 800 1000
« Stage-3: CSG converged, = 0.6 T ———_— »
jitter compensation started > | ' VLF(1
. 0.5/ ¢~ - VLR, 0]
» Enough tracking accuracy 0 gl L ——VLF,
» Faster convergence 0 250 500 750 1000

speed compared to low Time (ns)

pass filter method

.l. » ° - . /l - ry - D A~ ..
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Measurement Setup

Power| | Spectrum
Supply| | Analyzer
__ClRpece
Coaxial LDO 1 % 1/4-rate
PAM4 _ﬂCable)_;I)'-Line —v Datagecc
Generator DUT
Power and {1
CLK|N
Control Bits
Labjack

Scope

1. Bit error rate tester (BERT);
4. Chip on power and control PCB module;

2. Pattern generator; 3. Scope;

5. Labjack




Chip Diagram and Testing Modules

e O
o

%0008

oo

Power andcontrol board High frequency board

« Chip:
— Fabricated in TSMC’s 40-nm CMOS process
— Active area: 334 um x 576 um
« Testing Module
— Power and control board & High frequency board




Recovered V:-Rate Data and Clock

7.5 GHz CLKRECJC
Jittergms: 0.97 ps

o gy AL dn  an sl s "|

. Measure 4 ~ Markers |
18 Aug 2020 17:29

g | Ynotpresent | notresent | peia e | S it | | - CaE™

7.5 Gbl/s MSBRECJC
Jittergrms: 2.68 ps

Jitter RMS( ) %&pﬂ =1 §0.1520 ns ! --------
Jitter p-p( ) 18.75 ====( DA 40.1676INS I =eescaaas

lgow ] Ynotpresent | noteresent | gai i ieen | S 1o | | i CaE
a— —

7.5 Gb/s LSBRECJC
Jitterrus: 2.88 ps

R P—. : ‘  Markers |
Jitter RMS( ) % !Ei ps 5§ ps ;ﬁ g.ei.:,():l |
18 Aug 2020 15:29

|85 roreen | Yrormeen | TETpre | scesen | Fopn

* 60-Gb/s PAM-4 input, recovered 7.5-GHz CLK, 7.5-Gb/s MSB

and LSB




Measured Bathtub Curve and JTOL

10" -0~ S : :
l l
-3 — ~ ! m ! .
10 & | ~~_Instrument Limit
107 2 B v R
o "’1 _______ B o o e e e g [ — —
: . :
10° 5 ' |
JTOL Corner '
107" Freq = 40 MHz |
107 0190° 100 A0
00 02 04 06 08 1.0 :
Ul Jitter Freq (Hz)

* The eye opening is 0.25 Ul for PRBS-7 and 0.12 Ul for PRBS-15
(FEC=1E-0)

« JTOL: 0.2 Ulpp at a corner frequency of 40 MHz
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JTRAN Measurement

“Fle Control Setup Meastre Calbrate Utilties Apps Hep U .2') y ;1) ;l El .::‘:EZ.E”E., M%ontrol sefip Measire Calbrate Utlities Apps Help 1) .2) .3) ;’) ;lEI | | I I I

- Eya/Mask hade... o : B —_—F - = =F -
= | 13 ps jitter,, wio JCC ki |- J|21.21I ps jitter,, with JCC |
Rato e .._\,_.‘_)‘:‘.__.\: I O i R AR SR L “q ot e B L . L

—0— JTRAN w/o JCC
| —0— JTRAN with JCC

g
{

TN S

e

JTRAN (dB)
ocb&dhdonwn
|

e - I | T T

t - = il oo by Pemenmge | | Cpyrren t minim&m [IEEA T tuta:l neas : Setip | | I I I

Jilter pn ) BiaEs iR LM pelfes Satp More Jitter p-p{ » 2127 ps 1579 ps 2.2 ps O e | 20 AR T T T T T e e = = = =
litter RHEC 5 12,33 ps. 4.88 p 18.76 b5 166 A {10f 3) litter RIS 3.73 3.37 1 381 = - | | | | |
12 Mow 2020 11:11 12 Nov 2020 1112 ) , . . .

; ; — ) - B4 0 el 140 miydiv Time:22 2 ps/div - Thg: Pattem | - Patlem -1 4 4 5 6 7 8
937 mivii 1,40 i div Time:22.2 ps/div | Trig: Patiem | [~ patiem 1 y }Not Present me Present i 7
1!226_6 e Qu.uw | ﬂNutPresent i 2NUtPresem | Dol 40,1772 ns PP A fatem | Yxedme | Doow ] | Delay dil 155z s | <& it 2 | -l Lock

Jitter Freq (Hz)

« By enabling the jitter compensation function, the jitterpp in the eye diagram can
be reduced from 64 ps to 21 ps, 66% reduction

 The JTRAN is attenuated to below -8 dB with the jitter compensation circuit




Comparison Table

[2] JSSC’16 [3] VLSI’14 [4] JSSC’17 | [5] JSSC’19 | This work
Technology 28 nm 65 nm 65 nm 28 nm 40 nm
Architecture 1/4-rate 1/4-rate 1/4-rate 1/4-rate 1/4-rate
Signaling Scheme NRZ NRZ NRZ PAM4 PAM4
Rate [Gb/s] 16-32 14 40 64 30-60
Power [mW] 4.87 7.8 225 180 70.8
Eff. [pJ/bit] 0.153 0.56 5.625 2.8 1.18

JTOL [Ulpp] @
Corner Freq.

JTRAN @ 0.1 MHz

JTRAN @
@ Corner Freq.

Supply (V)

1.0

0.8

1.2

1.0

1.0




Power Breakdown

CTLE, 8.10 mW,

11.6%
CSG, C-VCDLs,
112 mW,  ~_
16.0%

/

BBPD, CP, WBPLL,
VCDL, 22.7 mW, 32.4%

Total Power: 70.8 mW

PAMA4 Slicers,
Calibrator (CAL),
DAC, Tcode-to-
Bcode Converter,
28.0 mW, 40.0%
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Conclusions

DTRAN(S)
A » KcveoL o
MSBREc, LSBREc, I:)ATARECJC
CLKRec CSG VLF v (s) T CLKrecuc
. () . T \'/\‘/\‘ If ref
in(S S
om—> _'I_I:_ —/—> PD ;()> CP&LF M» KvepL
L VLF(s)

I

Jitter compensation CDR overcomes the trade-off between JTRAN and
JTOL BW

The architecture is compatible with quarter-rate architecture up to 60-Gb/s

JTOL BW of 40 MHz, JTRAN < -8-dB are achieved with the jitter
compensation function

.- . s . - . 4 LA ° L/ .- .. - .- Y
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Motivation

ETHERNET SPEEDS @ cnemespent Clock and data recovery (CDR)
327 -
7% 1.6TE [ {_} In Development
16T g T Input Data [—> Recovered Data
400G \O < _? Possible Future Speed -
100GbE 200GbE
— 100G ’X‘ PD G Clock
o 406G G E O OOE;.soebE e r
C— | % GbE 25GbE
o 106 FO— © soee
Q - GbEr\ © 2:560E
(7] O
x 100Mbs Phase Detector (PD)
c Ethemeth
= 100M -0 —
ol ! « Phase error
1980 1990 2000 2010 2020 2030 ° Contro| Signa|s
Initial Standard Completed ~ €thernetalliance.org

.. ) : : .  Recover data
e Growing internet traffic necessitates high-speed data links . CDR'’s impact on

« NRZ is replaced by PAM-4 and PAM-8 for bandwidth efficiency| the link energy
« CDR ensures error-free data recovery efficiency

Phase detector (PD) desigh becomes challenging for higher orders of PAM
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CDR Performance in the Presence of Jittery Data

R
| Slicer §Recovered CDR Loop
1 - Data
B
§> CK Input Data
%‘pi ................. - Jitter
Input ___._» _ VCONTVCO Rejects FoIIows
Data B PD _j Rli J_C@-oi | Recovered
| |_> §c1 T2 | CKJltter
P T to
. Lh 5
_Phase Locked System | | InputData
_ Rec. CK edge f f /—f f 1# * y *
BW=K,4l,RKyco g v

Expected Ideal Ideal points

 To ensure accurate recovery of jittery data, the CDR's loop bandwidth (BW) must be
increased.




Options to Increase CDR’s Loop Bandwidth

Undesired Desired

/]\ IPR1 Linear PD
| VCO Control Voltage _

dout

Slope=Kpd
din

Jittery Krp ¢ Number of
Recovered C used transitions

« BW=K..I.LR.K,., Use all PAM transitions and a BBPD

DR/F . 0 = ) 24 ANeNa RE D (U O e 3(




Bang-Bang Phase Detector (NRZ BBPD)

waveform Diagram
d,
Data Slicer _)D— A
INPUT — d to CP
F DQ \
- A Vo 7 ._)D— B
CK CK
CK 1 ;!: AI\ | Edge Slicer N
Early - Late VTHE D Q
S$1,S;: Data Samples CK CK dq & d2 : data signals
S,:  Edge Sample V11p=V1e=0 eq: edge signal
* Quantize & compare 3 samples (Needs 1 Data Slicer & 1 Edge Slicer)

« Alignment= CK| edge is in the middle of data transition




Bang-Bang Phase Detector (PAM-N)

* Quantize & compare 3 samples
« Alignment= CK| edge is in the middle of data transition

------------

Ny Data Slicers’
+1: +02 .: Thresholds

o

'S 2* Edge Slicers’
= T e N - T e
— i Thresholds
CK _ ¥ T B |

Early <9 Late Early <9 Late
51,93 Data Samples 1 Data Slices 3 Data Slicers
S,: Edge Sample 1 Edge Slicer Each threshold needs 1 slicer 5> Edge Slicers

* PAM-N BBPD requires 2N-3 Slicers to extract the whole Edge Information




Why not to use NRZ PD for PAM-4?

Blind to some data trans.
Data patterns = No PD Update

Correct data Error

Top :
Middle =====

Botto mm

Ildeal CK JF | |
Drg:ed 1 1 | A

- .

- el

Data patterns -> Miss-align CK

Correct data Error

X

Top
Middle =---<=% : 7

Bottom

Ideal CK 4

Miss-aligned T
CK

E

Solution= Choose the threshold level according to the transition
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(a)

NRZ
PAM-4 — NRZ >
PAM-8 LPD

[X. Zhao, TCASI21]

Prior Work on PD

(b)
Major

PAM-4 — >< ,

[Z. Zhang, JSSC20]

(c)

NRZPD | 2
PAM-4 — NRZPD | 2 > -
NRZPD| S

[T. Toi, JSSC22],
[S. Shahramian,ISSCC19],
[M. Verbeke, TCASI21]

1 Edge Slicer

3 Edge Slicers

Ignore transitions | Eliminate transitions

Eliminate/ Ignore transitions

« Although (a) is a simple solution that supports multimode operation, it has a
poor bit error rate for high orders of PRBS PAM-4/8 data.

0 = ) 24




Proposed Phase Detection Approach

Edge Information Extraction
Using 2N-3 Slicers (13 for PAM-8) Proposed Solution (1 Slicer)

-(N-3)

-(N-3)

-(N-2)

-(N-2)

VTHE S, S;

VTHE S, S
Decision before Selection Selection before Decision

Conceptual Example (Early CK)

/Sy
Q(Sy,Ss,...) i -:3\)’( T | +3

- N .
i Ave. | | Ave.
V R X
THE (-2 & +1
52,54, X [-2.40)+0.20 X

EdgeInfo (-0.4 Y-0.8

€2,84,.. 0 Yo
UP/DWN (071 )0/1




Proposed PAM-N BBPD Architecture

R d /1~ TTTTTTTTTSSSsssssmm—- ~
ecl::avteare g Data0 Datal e 0o 0 0 0 Data7 \' Data7
\\__ ________________ —_— M%
M M My Slicer [T2B
T2B T2B T2B -+
Data Path :
slicer| |Slicer| e« e« |slicer INPUTST/H— & =1 g
— > T/H > T/H > T/H =
—
PAM-N _| N-11 N-14 N 1 N-1{/ N-1 5
INPUT TDOl iTDl i TD7 | TDO/V
INPUT—
> T/H (1| T/H > T/H
Edge Path DAC DAC DAC TD7=1>
Slicer Slicer Slicer TDO-t—>
PD Logic Logic ‘ Logic Logic e
L

l
ToCP | A0/BO A1/B1 +.... A7/B7,

* high-speed 9 1/8 rate
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Timing Diagram of Operation

EX: Early CK

CK1 ;_?i?iiiiiiil'liiiil?iigz"ii
K2 L e
it H
CK16 | | i | | | |+ i,
vD0O [T -3oo'm'v' N O —
VEO N jj'-24o'm'v B NN\
vD1l SN -100mV SSSSSSSNT
TDO [ 00
T™D1 [ 0l T
VIHEO [~~~ {7~ -200mV___
AO/BO [y T T T T T T T T T 0/1
N VY T N
tg:Dh @ ¥} @ LE!

(D: sample Vpo,Vp1,&Vey  (2): Update TDO,TD1,&VTHEO
(3): Update A0 & BO

;A » .I » » ° ~

Data Path 0,1 Slicer PD Logic 0
T/H = AB Gen.
VDO : TDO -

Q_ ot {>- :  —t—>Trans.{rise0 [—A0
T ; BUF :_ »| Det. Hfall0 —> B0
| /\ A

CK1 1

CK3
Slicer I\ITHEO
T/H = _ e0
vml: S NN F
e —— |TD1 }
I T| BuF| - CDAC CK14
' 2
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CK5 VEO
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Simulation Results

56Gb/s PAM-4 eye diagrams Simulation results in 28nm CMOS
< 0.27
>
— 0.1
B 04 Proposed Bang Bang PD Response
3 | ] | ] | ] | |
%_-0'1_ 0.75 F = = st
£-0.2- s S|OW  —
<

Q
o
| |

Steady State -
0.25}

Average PD Output
o

-0.25 }
Kop=Slope
-0.5 Steady State PP P
=
-0.75
1 L L L 1
-9 -6 -3 0 3 6 9
time [ps] Phase Error [ps]




Simulation Results (Con.)
PD response for different PAM Slgnallng

05+ NRZ a=0. 49 Power Consumption for PAM-4
0
-0.5 -

-1

-6 -3 0 3 6 9

1
O

W Data Path

- PAM-4 a=0.74

M Edge Path &
PD Logic

Average PD Output
SO o
= 01 O 01 -

-6 -3 0 3 6 9

1
o

RN

- PAM-6 a=0.81

o
o

Data rate = 56Gb/s
Power consumption=10.4mW
52% data path, 48% edge path& PD logic

Energy efficiency= 0.18pJ/bit

o

-0.5F

-9 -6 -3 0 3 §) 9
Phase Error [ps]

a= transition density
Simulations are for 28nm CMOS ~ We can further reduce the power consumption (next)
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Reducing Power Consumption

Edge Power |Trans. Density (a)

F'%_l”:— '%_i'F A
3 E6

E7 N
R EEEEE |,
|£T£| E4 — 2 2N

(a): Every Edge

-3
e

(b): Every 2 Edges

I8
ﬂl

ﬂ

oreyasges ACIEEMEIEE |
g i | W
[0o] [p2] [b2] [B3] [oa] [bs] [oe] [o7] . (N-1)
(d): Every 8 Edges = =X o




Proposed V.S. using Major Transitions

i Proposed PD (Every K edges)
Modulation Major
‘v =1 K= K=4 K=128

PAM-4 | 12 6 3 9.09 2
16 16 16 16 16
pams | 30 | 15 | 75 0.23  |NE
36 36 3 36 36
PAM-8 ﬁ 28 14 9.44 2
64 64 64 64 64

240 120 60 1.88
PAM-16 — — — - _
256 256 256 256 256

 For PAM-N and K=8, a=0.1, close to using major trans.
power is reduced by 8)

for PAM-4 (Edge path

N-1

a= K;l for proposed PD
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Conclusion

The proposed architecture for PAM-N PD aims at high jitter tolerant
CDRs.

It utilizes all PAM-N transitions and requires only one slicer to extract
edge information.

The design is not sensitive to clock misalignment by data and does not
require complicated transition selection logic.

The architecture is energy efficient and scalable with technology.

We anticipate higher speed and improved energy efficiency in more
advanced nodes.

A fast sampler leads to higher speed.
A low latency slicer enables quarter rate or faster eighth rate.
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LC VCO Implementation Example

Y

(2FKT " wq
L(Aw)=10log [1+( 0 )2] (1+—-)
\ IDsig J

« Leeson’s equation for phase noise
— Pgq: oscillating signal power in the LC tank
— wy: oscillating frequency
— Q: LC tank quality factor
— w4 flicker noise corner frequency (corner frequency between 30dB/dec and
20dB/dec slope region)
* |Indications:
— Higher LC-tank quality (Q))

— Smaller inductance for higher signal power in LC-tank (for higher Pg)

.. = = U - " C ° C RE ..




* Design Targets:
— High-Q inductor

« With proper power

routing

— High-Q capacitor bank
— Properly-bias varactor

for:
* Integral path

* Proportional path

LC VCO Typical Layout
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Inductor Design and Simulation

VDD / VSS
| B N | H EEE
80 200
o
g %0 | f'ﬁ'
- w 1
80 AN
E 40 9 o | 150
155 < Yy 1.
G 2 A\
0 100
= 0 25 50 75 100
CCP Frequency (GHz)

* Directly using PDK inductor
— L=138pH, Q=327

Inductance (pH)

« Simplified inductor

Technique 1: guard-ring removal
& slotted wide-track layout
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Frequency (GHz)
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Inductor and Interconnections

* The interconnection path between the inductor and the active
device/capacitor bank leads to reduced phase noise

InductanceI
2000 - nductor only
- :
21700 . . .
g /.lnductor with interconnection
€ 150.0 = _
‘g‘ 130.0 . s .
© |
£
110.0

] L e e L A Ll ) ML Bl L B
0.0 20.0 40.0 60.0 80.0 100.0 120.0

Frequency (GHz)
“on Q Factor
. Inductor with interconnection

5
E 20.0
2
&% Inductor only

-20.0

el Al e e e Ll A A W ) A M
0.0 20.0 40.0 60.0 80.0 100.0 120.0
Frequency (GHz)




Inductor with Power Routing

« Comparison of two power routing techniques
— Side routing or center routing?

Power Routing from One Side Power Routing from Center

4U.U

35.0

30.0

25.0

20.0

15.0

10.0

5.0

0.0

-5.0

-10.0

-15.0

Center Routing

Inductor Quality Factor
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Ma2: 1.0 6.53886

5.8
5.0
4.2

3.4 M9: -1.0 2.77444

26 j . [

18 14 -10 -06 -02 02 06 10 14
vdc

Capacitance versus Vdc

Varactor Design

150.0

130.0
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70.0

50.0
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16 -12 -08 -04 0.0

28 GHz

M7: -1.0 39.1459

)

Measured 1GHz [:
Measured 2.5GHg
» Measured 5GHz |
Modeled 1GHz
Modeled 2.5GHz| |
-  Modeled 5GHz |

L It L O L B L L Al el i Rt kA R i L i bl b B I A B Bl A Bl * - Vg

Q versus Vdc

1.2 1.6
Fig. 6. Measured and Modeled Q

[S. S. WONG 1998 VLSI]

* The varactor should be designed and biased to achieve

— Higher AC / AVcont
— Higher quality factor




Varactor Design

VDD
VCO VCO
VC OuUT+ OUT-

+ Varactor for integral path V0 o =y l W o VCO o o
ouT+ OUT-

IVP-
« Varactor for proportional Cv1 Cv2

path (differential operation) Cys Cva




A Design Example on Github
A 20-24-GHz Class-C VCO with -186-dB FoM

Nominal Frequency 5.492056139 GHz | Measure dLevel -7 20 d0m | Measure d Freq
Ref Level & -7.20 dBm, Att 0 dB | Initial Delta -0.00 dB I ||||| ial Delta -4.89 kHz / -0.89 ppm  SGL
M eeeeeeeeee 1 kHz to 100 MHz Drift -0.04 dB Drift -2.36 kHz / -0.43 ppm

Clrw Tin"Sm

~ REIE HH . \ IREEE
™. | Measured Phase Noise under
TN __7-4-mW power consumption

118 54 dBcle@1MHz FoM = 1846dB \\U
14036 dBcle@10MHz FoM 1864dB Bl

AVG 200 AVG 200 AVG 200 AVG 200 AVG 200 | AVG 200
100.0 MHz

Frequency Offset

Type | Offset Frequency [T1] | Phase Noise [T1] |
User 2 100.00 kHz -92.13 dBc/Hz
User 3 1.00 MHz -118.54 dBc/Hz
User 4 10.00 MHz -140.36 dBc/Hz
User 5 100.00 MHz -149.53 dBc/Hz

Layout Measurement Results

A-20-24-GHz-Class-C-VCO-with-186-dB-FoM/Measurement Results.jpg at main -
HKUST-OWL-WANG-Li/A-20-24-GHz-Class-C-VCO-with-186-dB-FoM (github.com)

A » . » » » ° - .

Website QR Code
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AC-Coupled Sub-Sampling Charge Pump




Offset Current in Conventional SSCP

* Vpuwy # Vepo, charge sharing (CS).
* lyp # Ipy channel length modulation

« Mismatch between switch-on/off time
of M; and M,

-

X Offset charging current
X Extra current noise

X Reduced SSPD gain

X Degraded PN and spur

DR/F . 0 = ) 24 aNena RE D (U O (€ 0




Proposed AC-SSCP

» SSCP, LF isolated by C,

— V¢po and Vy ¢, regulated by
Dmy SSCP and LAL

™ Resolves charge sharing issue

* Vepo aligned with Vp,y

— lyp matches with Iy

& Resolves channel-length-
modulation-induced current
offset

&

SW;

o

P-----




Simulation Validation

« Simulation setup: SSCP P/N input set to be equal, extract the offset
output current (lygsscp) VErsus VLF

_ —~ 300 . ;
i = R —
=10 E 500l...— TypicalSSCP| . /
S 0 % —— AC-SSCP
/) "2 . .
5'1' —V =09V % 100 - - -- A S S SO
;i . i T Vie=04V =
=™ 027 030 033 036 0.39 S o S
2 = :
T4} PULcp o;\f E100 T
a0 ‘© Z :
S N/ 22001/ V. 1. _JCc |
o[ — Vi =09V = offeq off;sscp/ msscp
Q-2r — V=01V W 200 ; ; ; ;
%027 030 033 036 039 00 02 04 06 08 1.0
Time (ns) VLF (V)
lofrsscp VETrsus V¢ Equivalent Input offset voltage (Vo) Vs V¢
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Motivation

« Comparators are widely used in analog and ADC-based receivers

+H1+H2

-H1-H2

H1MUX_SEL [] static cmOS
from Odd DFE Hali

HE

(S ]
| |_>—--F Hadata—s j H3oo
C To Odd
Current- Hi-H2 A
Integrating +. + HiMux_cTRL | DFE Half
Summer }_>_}—
Din4{>— |
— To Later DFE Taps
Yy _[ 'H1I*H2 — L L [ (Hd, H5, ..., H15)
H3even — H15even + >_
J H- L
CI: Ca Ca O cme
A Hidat
CAI aa E Domino

H2data

Sﬁnse-Amp Latch

Analog Front End

BEFFER

BUFFER

64x6b-

Digital
FFE

~64x9b-

Digital
DFE

r64 symbols

Clock
Recovery

& DCO
I

« The latency and power consumption of comparators are critical in these applications




Commonly used dynamic comparators

« Strong Arm e For a small input common mode, the
— Tail current is shared between amplification input differential pairs are turned off
and rege.neratlon — Speed for both is highly degraded
* Double Tall Vio Voo
— Separates the tail currents CKB _El FraiLz Tmm

— Less sensitive to input common mode

::X: Regeneration
V
Yoo 1 — <

Regeneration == = =
W I””D
. Amplification Amplification
IN-
A Iy o erar TP
TAIL TAIL .
L Strong Arm | v i’ ..., Double Tail =

.- . s . - ' 4 LA ° L/ .- .. - .-
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N-type Dynamic Comparator

VCM=2/3VDD
’ :
: FN o~ : =
i - s 1
' IN+ |- IN- FN—| — ] 200 250 300
" OUTN+ 1 OUTN- | time [ps]
L CK 4[{ CKB —] = —-CKBY 1 VCM=1/3VDD
i . : s = T i=
] ) - ] B —FN+
L - 1 Y- B
5 —OUTN-
> === OUTN+
0 . |
200 250 300




P-type Dynamic Comparator

VCM=2/3VvDD

.
>
""""""""""""""""""""""""""""""""""" d %05
 P-type VDD N e
1 1 O
i CK CK i -
: CKB 4 1 < F : 0 | |
: — : 200 250 300
; CKB 1 3 : p
' ) FP+ FP- FP+ :
: i H 4 : VCM=1/3VDD
E = = il L E 1 ' :
L e e e e e mmmmmmmmmmmmmmmmmmem oo R - —FP+
@ =+ FP-
30'5' —OUTP-
S .+:: OUTP+
0 L L
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time [ps]
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Proposed Dynamic Comparator

With N-type input
Double Tail differential pair

Responsible for High input common
mode levels

Flipped With P-type input
Double Tail differential pair

Responsible for low input common
mode levels

« A desired mutual connection of N-type and P-type avoids

— Speed degradation
— Static power consumption




Proposed Dynamic Comparator

----------------------------------------------------------------------------------1

™
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Proposed Dynamlc Comparator (cont )

VCM=2/3VDD

Voltage [V]
Voltage [V]

e [V]

Voltage [V]




« Conventional

— Pull-down is stronger than pull-up

— Asymmetric output

SR-latch

VDD
S R
OouUT S OouT
R- =S
* Proposed

— Equally strong pull-down and pull-up

— Symmetric outputs
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Input referred offset and noise comparison

-20 -10 0 10 20
Offset (mV)

200 ' 2
§ o =6.4mV
3 100 |
Q

0 '
-20 -10 0 10 20
Offset (mV)
200 . ' '
c o =6.4mV
g 100
O
0
-20 -10 0 10 20
Offset (mV)

N-type

P-type

Proposed

— 1 s
E o=0.69mV
D 05F (a) O Simulation
o —Fit CDF
o : -
2 1 0 1 2

O Simulation
—Fit CDF

-2 -1 0 1 2
Avin[mV]

N
'é 0.5 O Simulation
5 _ —Flt_CDF
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Latency Comparison

120 — - :
' | === N-type
-‘ - = P-type
100} ; I|——R2R
» \ I
2 -
& 50 !
o \\ /
\./
B0k — =2 —

0 0.2 0.4 0.6 0.8 1
VCM [V]

* The latency of the proposed comparator is almost constant in
the common mode range from 0 to VDD

. v . s . - . 4 U ° LA 2 - . .




Comparator Latency

Specifications N-type* P-type* Proposed
Noise (o) 0.69mV 0.62mV 0.64mV
Offset (o) 6.0mV 6.4mV 6.4mV
Delay variation >700% >700% <4%
Energy efficiency 0.13 0.13 0.17

(pJ)

*The coupling transistors and their loading effect are not included
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Conclusion

Proposed a rail-to-rail dynamic comparator that maintains constant
latency with input common mode variations.

Non-rail-to-rail counterparts of the proposed dynamic comparator slow
down or fail to operate for almost half of the input common mode

range.

The power efficiency penalty of the proposed comparator is 33%.




Reference

M. van Elzakker, E. van Tuijl, P. Geraedts, D. Schinkel, E. A. M. Klumperink and B. Nauta, "A
10-bit Charge-Redistribution ADC Consuming 1.9 yW at 1 MS/s," in IEEE Journal of Solid-
State Circuits, vol. 45, no. 5, pp. 1007-1015, May 2010

H. Xu and A. A. Abidi, "Analysis and Design of Regenerative Comparators for Low Offset
and Noise," in IEEE Transactions on Circuits and Systems I. Regular Papers, vol. 66, no. 8,
pp. 2817-2830, Aug. 2019

C. P. Bandi, V. U. Krishna, S. T. S, and S. Roul, "Low power high sensitivity sense amplifier
latch with complimentary outputs in reset mode," U.S. Patent Application
US20220302943A1, Sep. 22, 2022.

[Online]Available: https://patentimages.storage.googleapis.com/24/6a/7/e/174b30d4fced9a/U
S20220302943A1.pdf

Y. Krupnik et al., "112-Gb/s PAM4 ADC-Based SERDES Receiver With Resonant AFE for
Long-Reach Channels," in IEEE Journal of Solid-State Circuits, vol. 55, no. 4, pp. 1077-
1085, April 2020.

J. F. Bulzacchelli et al., "A 28-Gb/s 4-Tap FFE/15-Tap DFE Serial Link Transceiver in 32-nm
SOI CMOS Technology," in IEEE Journal of Solid-State Circuits, vol. 47, no. 12, pp. 3232-
3248, Dec. 2012



https://patentimages.storage.googleapis.com/24/6a/7e/174b30d4fced9a/US20220302943A1.pdf
https://patentimages.storage.googleapis.com/24/6a/7e/174b30d4fced9a/US20220302943A1.pdf

CDR/PLL Reference (OWL)

 L.Wang, Y. Chen, C. Yang, X. Zhao, Pui-In Mak, Franco Maloberti, and Rui P.
Martins et al., "A 10.8-t0-37.4 Gb/s Reference-Less FD-Less Single-Loop Quarter-
Rate Bang-Bang Clock and Data Recovery Employing Deliberate-Current-
Mismatch Wide-Frequency-Acquisition Technique," in [EEE Transactions on
Circuits and Systems I: Reqular Papers, vol. 70, no. 7, pp. 2637-2650, July 2023.

L. Wang, Y. Chen, X. Zhao, Pui-In Mak ,Franco Maloberti and Rui P. Martins. “A 6-
to-38Gb/s capture-range bang-bang clock and data recovery circuit with deliberate-

current-mismatch frequency detection and interpolation-based multiphase clock
generation.” Int J Circ Theor Appl. 2023; 51(5): 1988-2015.

« L. Wang, Y. Chen, C.Yang, X. Zhao, Pui-In Mak, Franco Maloberti, and Rui P.
Martins "A 10.8-t0-37.4Gb/s Single-Loop Quarter-Rate BBCDR Without External
Reference and Separate FD Featuring a Wide-Frequency-Acquisition Scheme,"
29th IEEE International Conference on Electronics, Circuits and Systems (ICECS),
Glasgow, United Kingdom, 2022, pp. 1-4.




Reference from Our Work

L. Wang, Z. Liu and C. P. Yue, "A 24-30 GHz Cascaded QPLL Achieving 56.8-fs
RMS Jitter and -248.6-dB FoMjitter," 2023 IEEE Symposium on VLS| Technology
and Circuits (VLSI Technology and Circuits), Kyoto, Japan, 2023, pp. 1-2

L. Wang, Z. Zhang, C. Wang, R. Azmat, W. Shi and C. P. Yue, "A 60-Gb/s 1.2-pJ/bit
1/4-Rate PAM-4 Receiver With a Jitter Compensation CDR," IEEE Journal of Solid-
State Circuits, vol. 59, no. 2, pp. 449-463, Feb. 2024

L. Wang, Z. Zhang and C. P. Yue, "A 60-Gb/s 1.2-pJ/bit 1/4-Rate PAM4 Receiver
with a -8-dB JTRAN 40-MHz 0.2-UIPP JTOL Clock and Data Recovery," 2021
Symposium on VLSI Circuits, Kyoto, Japan, 2021, pp. 1-2

J. Abdekhoda, L. Wang, R. Sarvari and C. P. Yue, "A Bang-Bang Phase Detector
for PAM-N Signaling," 2023 IEEE 15th International Conference on ASIC
(ASICON), Nanjing, China, 2023, pp. 1-4




B FE R AE HKUST) owL
s THE HONG KONG
LlMJ UNIVERSITY OF SCIENCE
AND TECHNOLOGY

Practical Implementation Techniques

B RIS

Prof. C. Patrick Yue 4 #4 £
B AAZH4®F 125 A8 Rt E




Motivation

Outline

— Practical Implementation Techniques

Example 1

— A Performance Study of Layout and Vt Options for Low Noise

Amplifier Design in 65-nm CMOS [RFIC'12]

Example 2

— Differential Stacked Spiral Inductor and Transistor Layout Designs
for Broadband High-Speed Circuits [RFIT'14]

Example 3

— Package Design for a 10 Gigabit Ethernet Transceiver [DesignCon’2004]

Conclusion




Outline

 Motivation
— Practical Implementation Techniques




Motivation

Physical layout implementations and technology options are becoming
more and more crucial for circuits design

The actual design performance is strongly affected by the layout
practice and style

Parasitic capacitance brought by routings and the choice of threshold
voltage should be taken care

On-chip inductor occupies a huge amount of chip area: high cost and
long interconnections

A more compact inductor layout with higher inductance density is more
desirable
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— Practical Implementation Techniques

Example 1

— A Performance Study of Layout and Vt Options for Low Noise

Amplifier Design in 65-nm CMOS [RFIC'12]

Example 2

— Differential Stacked Spiral Inductor and Transistor Layout Designs
for Broadband High-Speed Circuits [RFIT'14]

Example 3

— Package Design for a 10 Gigabit Ethernet Transceiver [DesignCon’2004]

Conclusion
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LNA Test Circuits

Differential cascode LNA topology
Noise figure performance has higher
priority with an S,; < 10dB

Input noise and impedance matching are
realized by the series inductor L, and the
source degeneration inductor L,

MIM capacitors Cd are inserted to reduce
the gate-induced current noise

PAD

WD

Fiq
Le
g

Ly
> T K

PAD I:I (ﬂm‘l | t

La

T

‘ VDD

G

|

M,

1 1

M,

1 [
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VDD

- —]
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PAD
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M; M2
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80 um : 60nm 94 80 pum : 60nm 94
L, L, Ly Cy Cr
43nH, Q=11 | 0.5nH, Q=14 | 7.7nH, Q=11 | 160 fF | 190 fF

« Schematic of the 5-GHz LNA




Layout and Vt Options

Design | il |\,
= Ept!ts; Device | Option Layout Features
abe Ratio
_ _ 1 Mﬂ%;%ggr 1:1 Normal | Merged | Single-
« 5 different versions of LNA test f cascode | sided
. . . Merged_LV; _ and main gate
circuits are designed 2™ RBE) 1:1 Low | “iovice | contact
« Design choice: merged diffusion ook norvel 11 | N —
layout / individual device from PDK - ' ormé” | Indiviual
: . . Double-
» Design choice: normal Vt / low Vt 4| PDK_LVt | 1:1 Low 33‘23’2” sided
. ate
using PDK | _95°
s| PDK_LVE | ., L RF
) T ow )
1.7:1 transistors

* Design splits and key attributes




L
Cascod.e: L
Device
Lg | s
| 0.63mm
* (a) Merged diffusion layout me&mmm&m
« (b) Standard single transistor RF cell
. (c) Standard RF cell, but the main * Die photo of one LNA test circuit
device width ratio is changed
DA R DR/F - 0 s yx: aNgna RE 0 C = e




Measurement Results
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* Measured results of S,; for all 5 LNAs




Measurement Results
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* Measured IIP3 for the LNA using

« Measured noise figure for all 5 LNAs merged diffusion and normal Vt




Conclusions

* Aset of 5-GHz LNAs are designed, and the performance impact of
different layout and Vt options are evaluated

* For gain and NF considerations, individual transistor and low Vt are
preferred

* When linearity and matching are more important, normal Vt devices
with merged diffusion area can yield better performance
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— Differential Stacked Spiral Inductor and Transistor Layout Designs
for Broadband High-Speed Circuits [RFIT'14]

Example 3

— Package Design for a 10 Gigabit Ethernet Transceiver [DesignCon’2004]
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Differential Stacked Spiral Inductor

+ Inductor provided by the PDK usually / | /
adopts the top thick metal to achieve a of./
high Q with inevitably large area

Metal 9 for L,

« For broadband high-speed applications / Vietal § for L,

with shunt peaking, high Q is not an
Important design parameter anymore

/ - s= 2pum
Metal 6 for

Center tap £

30 (um)

« The presented DSSI which sacrifices Q but obtains much higher inductance density
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Inductance (nH)
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Simulated Results

N - .-
L

C ~

-
N

4-turn stacked inductor
4-turn single-layer inductor
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Simulated results of 4-turn single-layer PDK inductor and 4-turn
customized DSSI: inductance (left), and quality factor (right)




HFSS Comparison

Single-layer inductor

Stacked inductor

Low-frequency inductance (nH) 1.0 1.0
Area (um?) 110 x 116 60 x 66
Self—reson(a(;lji)frequency 347 415
Peaking quality factor 16 11
Number of turns 4 4
Inductance density (pH/pm?) 0.078 0.25




Transistor Layout

Metal 2

(a) (b)

» 3-D views of differential pairs: (a) Conventional ‘ABBA' inter-digitated
layout, and (b) the proposed ‘AABB’ half-inter-digitated layout

' v . s . - . 4 LA ° L/ r - . ' - .-




Comparison of Two Layout Style

Layout style ABBA AABB Improvement Factor
(24 um/60 nm) inter-digitated | half-inter-digitated P
Coupled para_usmc caps 50 fE 65.1 aF X 77
between inputs
Coupled parasitic caps 3.9 fE 133.8 aF X 24
between outputs
Total parasitic caps at one 10.7 fE 55 fF X 2
output node
Total parasitic caps at one 15.3 fE 7 7 fF X 2

input node




Conclusions

* The performance impact of the compact differential stacked spiral
inductor (DSSI) and different transistor layouts are evaluated based on
the simulation and measurement results

» For high-speed broadband circuits design, the compact DSSI has
much larger inductance density and much smaller parasitic

capacitance from the interconnections than the inductor provided in
PDK
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« Example 3
— Package Design for a 10 Gigabit Ethernet Transceiver [DesignCon’2004]
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Step 1: Behavior of A Bond Pad

« Comparison between
measurement and simulation
Indicates that:

— A simple R-C network is
sufficient to describe the bond-
pad parasitic from DC up to 20
GHz

sim




Step 2: Package Design

» What's the package design?

— A cavity up, wire-bond plastic BGA is desired, for low cost, high volume
technology, and easy probe access

* Major limitation:
— Bond-wire inductance in combination with the on-chip capacitance

‘‘‘‘‘‘‘‘‘ Differential pair

* Design Choice: o

» Diff-pair are angled towards each other, pons- o
to increase differential coupling

. v . s . - . 4 U ° LA 2 - . .




Step 3: Package Stack-up and Diff Pair Design

* The figure shows the stack up

 What needs to be optimized?

— Trace thickness
— Solder mask

dielectrics

Plastic molding

_ _ - 1170 um, =3.9, 5<0.024
— Plastic modelling compound "
— Trapezoidal cross section i i
. Bumcopper |t 67 um, 5=3.2, 5=0.03
+ Techniques e e
160 um, ¢ =3.8, 520.012

— Use wide trace width to avoid width »umcopper
variation

— Commonly used width and space:
W-150um-S-130um, or W-100um-
S-75um for 100-Ohm matching

Figure 3. Partial package stack-up and differential pair cross section




Package Cross Section

* Inner layers for Gnd and Pwr are thick, for better heat sink

* The pre-laminated side of the metal (facing the dielectric core) can be
rougher, and increase the signal loss.
— Not a big issues for 10 Gb/s level




3D View of the Overall Package

XAUl side 10G side
' 3D view of RX & TX pairs

.

)
N\

v ;'HI

!
!

h || e e
AN

* The via design is critical, needs to be verified together with the

soldering balls connected to it, using 2.4-D planar EM wave solver, and
3-D EM wave solver




Test board and Verification
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Conclusion

* The design of the package and test environment for a 10 Gigabit
Ethernet to XAUI transceiver was discussed with an emphasis on the

10G links

« Several comparisons between simulated and measured performance
were shown with good agreement.

* These off-chip interconnects are as crucial as on-chip circuits for
achieving a high performance, low-cost device at 10Gb/s.
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