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Industrial Applications in Big Data Era

Key Requirement of CMOS Transceivers in Data Centers:

Energy Efficiency
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Datacenter Energy Trend

The quest for reducing power consumption in integrated circuits 

(IC) is never ended.
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Power-Efficient Wireline Receiver (RX)

Low-Power, Ultra-Low-Power, ….

3.1pJ/bit, 0.1pJ/bit, ….
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Recent Arts of Silicon-Based Wireline RX

“Digital” RX Versus “Analog” RX
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“Digital” RX: ADC-Based 
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“Analog” RX: CDR-Needed
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Why Do We Require Reference-Less CDR?

EQ

(If Required)

Clock 

Recovery

DQ

Retimer

Recovered 

Data

Recovered 

Clock

Input

Data

External

Reference

PLL or

Clock Distribution

 Eliminate external reference – lower energy, lower cost, etc.

 Support various applications with different data rates  Need frequency capture.

It includes a frequency 
detector (FD).
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Realization of Simultaneous Reference- and FD-Less

Return to

“Linear” Versus “Bang-Bang (BB)” 

Phase Detector (PD)
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Frequency Capture Techniques in Recent CDRs

 Separate FD

 Delay in the Data Path

 Oversampling

 Baud-rate PD with extra 

comparator

 Deliberate non-idealities

Typical

Block Diagram

Extra 

Hardware

Separate FD and CP Linear PD with SP Oversampling Technique Key Technique

 Frequency detector (FD)

 The 2nd CP

 Data buffers for SP

 Digital control circuits

 Off-chip capacitor

 The 2nd BBPD clocked by CK90/CK270

 Frequency detector

 Extra 4-phase clocks for 4X oversampling

Adjustable Baud-Rate PD with Extra Comparator Deliberate Non-Idealities (Proposed)Key Technique

Typical

Block Diagram
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UP

DN

D Q D QDIN

CK

Q1 Q2

XOR1

XOR2

BUF2

BUF3

BUF1

Digital Control Circuit

CP1

CP2

ICP
DIN

PD

FD

CKREC
Loop 

Filter
VCO

D Q D Q

D Q

D Q D Q

D Q

D Q

CK0

CK180

D Q

CK90

CK270

DIN

D Q

D Q

UP0

DN0

UP90

DN90

UP

DN

?



华人芯片设计技术研讨会 2022
Workshop on IC Advances in China (ICAC) 2022 14 of 66Reference-Less Frequency-Detector-Less Single-Loop Bang-Bang Clock and Data Recovery (BBCDR) Circuit

Iout,av

 φ

Vertical Adjustment

Horizontal Adjustment

Shaped Bang-Bang Phase-Detection Curve [Key Step]
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Design 1:  Deliberate Clock-Deviation Scheme

BBPD with Clock Strobe Point

Leads to Single-Side Polarity

Hybrid Control Circuits for 

Frequency Acquisition and Phase Tracking

Design 1:  Deliberate Clock-Deviation Reference-Less PAM-4 BBCDR
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Conceptual Comparison of Strobe Points (SPs)

SP in linear PD [S. Huang, JSSC’ 2015]
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 Zero strobe point (ZSP): for phase locking 

 Negative strobe point (NSP): decrease VCONT

 Positive strobe point (PSP): increase VCONT

Clock-selection 

scheme

SP in Bang-Bang PD [This Work]
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Details of ZSP Operation
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Details of NSP Operation

NSP

 CKS = CK90

 Early > Late

 Negative open-loop FD output
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Details of PSP Operation

PSP

 CKS = CK270

 Early < Late

 Positive open-loop FD output
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SP State Transition

t
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 Not in correct VCO band  Switch band and SP polarity
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SP State Transition

 In correct VCO band  Searching  Locking  Keep Steady  Return to ZSP 
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Implementation – Hybrid Control Circuit (HCC)

VCO band hopping control

• Schmitt trigger compares the VCONT

thus toggles the VCO band

Mode switch control

• Switch to phase acquisition mode 

when VCONT is steady

• Switch to FAM when lose locking

 Reset: Global reset signal, active low.

 SW: Switch signal. Every time SW toggles, the VCO upshifts to a higher frequency band.

 MDSW: Mode switch signal. High-level MDSW indicates the CDR enters phase acquisition mode.

 VREF+ & VREF-: Set proper upper and lower limits VCONT
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Implementation – Hybrid Control Circuit (HCC)

VCO band hopping control

• Schmitt trigger compares the VCONT

thus toggles the VCO band

Mode switch control

• Switch to phase acquisition mode 

when VCONT is steady

• Return to FAM when lose locking

 Reset: Global reset signal, active low.

 SW: Switch signal. Every time SW toggles, the VCO upshifts to a higher frequency band.

 MDSW: Mode switch signal. High-level MDSW indicates the CDR enters phase acquisition mode.

 VREF+ & VREF-: Set proper upper and lower limits VCONT
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Implementation – Clock Scheme

VCONT

Divider

-by-2

28GHz VCO

Quadrature Clock Generator

CKS

SW

M
U

X
1

Hybrid Control Circuit

SWMDSW

3-bit Band 

Control
A2 A1 A0

CKout

CK270

CK180

CK0

CK90

Clock Phase 

Selection

Test 

Buffer

Test 

Buffer

Reset

VREF+VREF-

VCONT

From CP

N-type LC VCO with 3-bit SC

Connection around the clock generator



华人芯片设计技术研讨会 2022
Workshop on IC Advances in China (ICAC) 2022 26 of 66Reference-Less Frequency-Detector-Less Single-Loop Bang-Bang Clock and Data Recovery (BBCDR) Circuit

Implementation – Data Path
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Implementation – Control Summary 
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Three charge pumps for respective data samples;    Operate in “one hot” mode as a true single loop
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Implementation – Complete Schematic of Design 1
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Chip Photo and Area & Power Breakdown

Area Breakdown (mm2)

Main Circuits

C PD+CP+Decoder

D 2nd-order LF

B Hybrid Control Circuit
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0.0048
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Power Breakdown (mW)

1.9 C 9.86 Total 19.16

 Fabricated in 28-nm CMOS  Core area of 0.03 mm2
 Power of 19.16 mW
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Measurement Setup
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Measurement – Dynamic Process I

 It starts from the Reset state, ends in NSP, and 

locks in Band 4.

 Corresponding frequency traveling route 

along with the overall VCO tuning range.
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Measurement – Dynamic Process II

 It starts from the Reset state, ends in PSP, and 

locks in Band 6.

 Corresponding frequency traveling route 

along with the overall VCO tuning range.
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Measurement – Dynamic Process III

 It starts from Band 6 in locking state, ends in PSP, and 

re-locks in Band 3.

 Corresponding frequency traveling 

route along with the overall VCO 

tuning range.
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Measurement – Time Domain
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Measurement – Frequency Domain

Recovered 

Clock @14GHz

-13

-23

-33

-43

-53

-63

-73

-83

-93

20MHz
-108.9dBc/Hz

@ 10MHz

-94.6dBc/Hz

@ 100kHz

Integrated Jitter: 486.8fs (100Hz to 1GHz)

-70

-60

-80

-90

-100

-110

-120

-130

-50

Recovered clock spectrum Phase noise of the recovered clock

~12MHz BW



华人芯片设计技术研讨会 2022
Workshop on IC Advances in China (ICAC) 2022 36 of 66Reference-Less Frequency-Detector-Less Single-Loop Bang-Bang Clock and Data Recovery (BBCDR) Circuit

Measurement – Jitter Specification

 Measured JTF and JTOL under a 28-Gb/s PAM-4 input
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Comparison with State-of-the-Arts
This Work JSSC’15 [17] JSSC’18 [19] JSSC’17 [23] JSSC’16 [22] JSSC’15 [5]

Architecture
Single-Loop

Full-Rate BBPD

Dual-Loop 

Full-Rate Linear PD

Single-Loop 

Half-Rate BBPD

Single-Loop 

Baud-Rate PD

Dual-Loop 

Half-Rate BBPD

Single-Loop

Half-Rate BBPD

Data Format PAM-4 NRZ NRZ NRZ NRZ NRZ

Oversampling Ratio 3X 2X 4X 1X 2X 2X

Frequency Initialization Unnecessary Not Required Required Required Required Not Required

Need Separate FD? No No Yes Yes Yes Yes

Need Reference Clock? No No No No Yes* No

Data Rate (Gb/s) 23.4 to 29.1 8.2 to 10.3 6.7 to 11.2 22.5 to 32 4 to 10.5 8.5 to 12.1

Active Area (mm2) 0.0285 0.54 0.047 0.213 1.63 0.053

Data Rate Variation (Gb/s) / Acquisition Time (μs) 5.15 / 0.628 1.3 / 116 2.2 / 2.19 9.5 / 10100 1 / 230 3.6 / 4

Acquisition Speed [(Gb/s)/μs] 8.2 0.011 1.005 0.001 0.004 0.9

Absolute Capture Range (Gb/s) 5.7 2.1 4.5 9.5 6.5 3.6

Output RMS Jitter (ps) 0.487 @14GHz 0.336 @10.3GHz 1.8 @5GHz N/A 1.41 @5GHz N/A

Jitter Tolerance (UIPP) @ Frequency 0.4 @200MHz 0.34 @100MHz 0.505 @200MHz 0.2 @200MHz 0.4 @50MHz 0.18 @100MHz

Power Consumption (mW) 19.16 174 22.5 87.57 # 22.5 43

Energy Efficiency (pJ/bit) 0.68 16.89 2.25 2.74 2.25 3.55

Supply Voltage (V) 1.2 / 0.6 1.8 1.3 0.9 1.2 / 1.0 N/A

CMOS Technology (nm) 28 180 65 28 65 65

* Crystal oscillator is used in its phase-locked loop; # the power of the CTLE is excluded.
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Highlights of Design 1

 A PAM-4 Reference-Less BBCDR is reported:

 Single-sided FD polarity by deliberate clock deviation

 Suitable for both NRZ and PAM-4 formats

 Automatic and fast frequency acquisition

 Maintain robust mode switch by the single-loop topology

 BBCDR prototyped in 28-nm CMOS:

 Core area: 0.03 mm2

 Energy efficiency: 0.68 pJ/bit

 Jitter tolerance: 0.4UIPP @200MHz

 Capture ability: ~6-Gb/s capture range and 8.2-(Gb/s)/μs acquisition speed.
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Outline

• Motivation

• General Considerations in Reference-Less CDRs

• Design 1: Deliberate Clock-Deviation Reference-Less BBCDR

• Design 2: Deliberate Current-Mismatch Reference-Less BBCDR

• Conclusions and Prospects
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Design 2:  Deliberate Current-Mismatch Scheme

 Continuity

Low-Power Techniques

Deliberately Mismatch

Control Logic

Development

Oversampling Ratio: 3X2X

Full Rate  Half Rate

Reduce Clock/Data Hardware

Design 1:  Deliberate Clock-Deviation Reference-Less PAM-4 BBCDR

Design 2: Deliberately Current-Mismatch Half-Rate Reference-Less BBCDR
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Motivation – Prior Works

Additional slicer for the data level decision

[W. Rahman, JSSC’2017] [S. Huang, JSSC’2015]

Insert variable delay in the data path
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Motivation – Prior Works

[X. Zhao, CICC’2020] [K. Park, JSSC’2020]

Requires quadrature clock for

3x oversampling at full rate

4x oversampling clock for the 

BBPFD at half rate
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Key Features of Conventional Full-Rate BBPD
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 The conventional BBPD has very limited frequency capture range.

 What if we deliberately add mismatch into the charge pump, i.e., IUP≠IDN ?
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Details of PNC Operation

 Positive net current (PNC): IUP>IDN  VCONT increases
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Details of NNC Operation

 Negative net current (NNC): IUP<IDN  VCONT decreases

O
p

en
-L

o
o

p
 F

D
 O

u
tp

u
t

P
D

 O
u

tp
u

t

Late (L):S2=S3Early (E): S2=S1

Case PNC NNCZNC

IUP

IDN

I0 + INC

I0

I0

I0

I0

I0 + INC

NNCPNC ZNC

 φ

 f

Iout,av

Positive Net Current
 f

Iout,av

Zero Net Current

 f

Iout,av

Negative Net Current

Iout,av

 φ

I0

INC

Iout,av

I0

Iout,av

 φ

INC

I0

DIN CKP

CKN

S3

S2

S1

Iout

Early

Late
QD

QD QD

QD

DN (IDN)

UP (IUP)

Charge Pump

VCONT

DN

VP

VN

DN

I0

I0

LPF

INC

UP UP



华人芯片设计技术研讨会 2022
Workshop on IC Advances in China (ICAC) 2022 46 of 66Reference-Less Frequency-Detector-Less Single-Loop Bang-Bang Clock and Data Recovery (BBCDR) Circuit

NC State Transition
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 Shares the same principle as that in CDR design 1.
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Complete Schematic – Design 2

 Data path

 Proposed charge pump

 Clock generator

 Hybrid control circuits (HCC)QD
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Block Diagram – Data Path
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[CDR Design 1]



华人芯片设计技术研讨会 2022
Workshop on IC Advances in China (ICAC) 2022 49 of 66Reference-Less Frequency-Detector-Less Single-Loop Bang-Bang Clock and Data Recovery (BBCDR) Circuit

Operation – Charge Pump
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Schematic – Charge Pump

 Dual compensation paths reduce the current mismatch in the normal CP.

 Larger size of the NC path guarantees the required net current.
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Chip Photo and Area & Power Breakdown
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Measurement – Dynamic Processes
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Measurement – Time Domain
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Measurement – Frequency Domain
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Measurement – Jitter Performance
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Benchmarking with State-of-the-Arts
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Performance Summary and Comparison with Prior Arts
This Work ISSCC'19 [10] JSSC’16 [11] JSSC’20 [4] ISSCC’20 [5] CICC’20 [9] JSSC’18 [3]

Architecture

Single-Loop

Half-Rate 

BBPD

PLL+ PI Based

Quarter-Rate

BBPD

Dual-Loop 

Half-Rate 

BBPD

Single-Loop Half-

Rate 

BBPD

SPFD-Assisted

Quarter-Rate 

BBPD

Single-Loop

Full-Rate 

BBPD

Single-Loop

Half-Rate 

BBPD

Oversampling Ratio 2x 2x 2x 4x 2x 3x 4x

Data Format PAM-4 PAM-4 NRZ NRZ NRZ PAM-4 NRZ

Need FD? No No Yes Yes Yes No Yes

Need Reference? No Yes Yes No No No No

Data Rate (Gb/s) 47.6 to 58.8 56.25 4 to 10.5 4 to 20 6.4 to 32 23.4 to 29.1 6.7 to 11.2

Data Rate Variation (Gb/s) and 

Acquisition Time (μs)
10.6 / 1.08 N/A 1 / 230 16 / 10 25.6 / 11 5.15 / 0.628 2.2 / 2.19

Acquisition Speed [(Gb/s)/μs] 9.81 N/A 0.004 1.6 2.33 8.2 1.005

Absolute Capture Range (Gb/s) 11.2 N/A 6.5 16 25.6 5.7 4.5

Output Integrated Jitter (ps)
0.416

@ 13GHz

0.6

@ 4.06GHz

2.2 

@ 5GHz

1.95

@ 10GHz

1.99

@ 8GHz

0.487

@ 14GHz

1.8

@ 5GHz

JTOL (UIPP) @ 

Jitter Frequency

DIN (NRZ)
0.45 

@ 100MHz
N/A

0.4 

@ 50MHz

0.42

@ 100MHz

0.1

@ 100MHz
N/A

0.505

@ 200MHz

DIN (PAM-4)
0.1  

@ 100MHz

0.09 to 0.15

@ 100MHz
N/A N/A N/A

0.4 

@ 200MHz
N/A

Power Consumption (mW) 11 to 13.1 55.3 * 22.5 37.3 22.7 ^ 19.16 22.5

Energy Efficiency (pJ/bit) 0.22 to 0.25 0.983 * 2.25 1.87 0.71 ^ 0.68 2.25

Supply Voltage (V) 1.0 / 0.6 0.75 / 0.85 / 1.3 1.2 / 1.0 1.2 1.1 1.2 / 0.6 1.3

Core Area (mm2) 0.057 0.035 * 1.63 0.045 0.041 0.0285 0.047

CMOS Technology (nm) 28 7 65 65 40 28 65

* Only including the power consumption and area of the CDR in the receiver;  ^ excluding the power of CTLE
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Highlights in Design 2

 A Reference-less FD-less PAM-4 BBCDR is reported：

 Charge pump with deliberate current mismatch

 Eliminate high-speed hardware on the clock or data path

 Keep 2x oversampling with the frequency capture ability

 Fast acquisition speed

 BBCDR fabricated in 28-nm CMOS：

 Energy efficiency of <0.25 pJ/bit

 Acquisition speed of 9.8 (Gb/s)/μs

 Data rate variation of ~11 Gb/s
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Outline

• Motivation

• General Considerations in Reference-Less CDRs

• Design 1: Deliberate Clock-Deviation Reference-Less BBCDR

• Design 2: Deliberate Current-Mismatch Reference-Less BBCDR

• Conclusions and Prospects
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Conclusions

 Two Frequency Capture Schemes are proposed：

 BBPD with deliberate clock-deviation scheme

 Charge pump with deliberate current mismatch

 Two Power-Efficient PAM-4 Reference-Less CDRs Prototypes：

 Design 1: Full-rate Architecture; 3X oversampling ratio; Energy efficiency of 0.68 

pJ/bit, Hybrid control circuits; Acquisition speed of 8.2 (Gb/s)/μs.

 Design 2: Half-rate architecture; 2X oversampling ratio; Energy efficiency of <0.25 

pJ/bit; Eliminate extra high-speed hardware; Acquisition speed of 9.8 (Gb/s)/μs.
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Prospects

 All Digital Realization：

 Hybrid control circuit

 Adaptive coefficients (KP and KI) of deliberate current mismatch

 Other non-idealities will be developed further：

 Data path and/or clock path.

 High-speed sub-block and/or low-speed sub-block.

 Anywhere in the CDR loop
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Nick’s Approach to IC Design

• Simple

• Low Power

• Small Area

• Excellent Performance

Complexity

Industry and Research
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• [1] 2002-CM-Challenges in the design high-speed clock and data recovery circuits

• [2] 2022-ISSCC-A 1-58.125Gb/s, 5-33dB IL Multi-Protocol Ethernet-Compliant Analog PAM-4 Receiver with 16 DFE Taps in 

10nm

• [3] 2021-RFIC-A sub-0.25pJ/bit 47.6-to-58.8Gb/s reference-less FD-less single-loop PAM-4 bang-bang CDR with a 

deliberately-current- mismatch frequency acquisition technique in 28nm CMOS

• [4] 2022-JSSC-A sub-0.25pJ/bit 47.6-to-58.8Gb/s reference-less FD-less single-loop PAM-4 bang-bang CDR with a 

deliberate-current-mismatch frequency acquisition technique in 28nm CMOS

• [5] 2020-CICC-A 0.0285mm2 0.68pJ/bit single-loop full-rate bang-bang CDR without reference and separate frequency 

detector achieving an 8.2(Gb/s)/µs acquisition speed of PAM-4 data in 28nm CMOS

• [6] 2022-JSSC-A 0.0285-mm2 0.68-pJ/bit Single-Loop Full-Rate Bang-Bang CDR Without Reference and Separate FD Pulling 

Off an 8.2-Gb/s/μs Acquisition Speed of the PAM-4 Input in 28-nm CMOS

• [7] 2019-TVLSI- Analysis and verification of jitter in bang-bang clock and data recovery circuit with a 2nd-order loop filter

• [8] 2019-SSCL- 6.5x7µm2 0.98-to-1.5mW Non-Self-Oscillation-Mode Frequency Divider-by-2 Achieving a Single-Band 

Untuned Locking Range of 166.6% (4 to 44GHz)

Related References
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