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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

Data Center Energy Consumption Per Year
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The quest for reducing power consumption in integrated circuits
- (IC) is never ended.
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Recent Arts of Silicon-Based Wireline RX

“Digital” RX Versus “Analog” RX



“Digital” RX: ADC-Based
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“Analog” RX: CDR-Needed
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* General Considerations in Reference-Less CDRs
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Why Do We Require Reference-Less CDR?

.........................................................................
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Input § E
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. | Clock Clock
Recovery

..................................................................

External PLL or It includes a frequency
Reference Clock Distribution detector (FD).

~- ................................................................

= Eliminate external reference — lower energy, lower cost, etc.
= Support various applications with different data rates > Need frequency capture.
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Realization of Simultaneous Reference- and FD-Less

“Linear” Versus “Bang-Bang (BB)”
Phase Detector (PD)



Frequency Capture Techniques in Recent CDRs
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Delay in the Data Path
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Shaped Bang-Bang Phase-Detection Curve [Key Step]

Vertical Adjustment

«----»  Horizontal Adjustment
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Outline

* Design 1: Deliberate Clock-Deviation Reference-Less BBCDR
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Design 1: Deliberate Clock-Deviation Scheme

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] SP in Bang-Bang PD [This Work]
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Details of ZSP Operation
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Details of NSP Operation
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Details of PSP Operation
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SP State Transition
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SP State Transition
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Implementation — Hybrid Control Circuit (HCC)

SW
Edue Detect 3-bit Counter .VCO band hopping COﬂtI’Ol
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Sc_hmitt Delay Cell . 0 0
________ Tgger ~ —— | | VCOHopping Control | thus tOgg|eS the VCO band

= Reset: Global reset signal, active low.
= SW: Switch signal. Every time SW toggles, the VCO upshifts to a higher frequency band.
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Implementation — Hybrid Control Circuit (HCC)

SW
T —— 3.bit Counter =VCO band hopping control
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= 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.
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Implementation — Clock Scheme

N-type LC VCO with 3-bit SC

Connection around the clock generator
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Implementation — Data Path
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Implementation — Control Summary
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Implementation — Complete Schematic of Design 1
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Chip Photo and Area & Power Breakdown

» Fabricated in 28-nm CMOS = Core area of 0.03 mm2 = Power of 19.16 mW
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Hybrid Control Circuit Data and Clock
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2nd-order LF Vcont Buffer

Power Breakdown (mW)
(Al 74[B|19]C|986]Total| 19.16
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Measurement Setup
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Measurement — Dynamic Process |
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Measurement — Dynamic Process |l
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Measurement — Dynamic Process |l
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Measurement — Time Domain
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Measurement — Frequency Domain
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I Log
13 0 50
= - ]| 0 94.6dBc/Hz
43 : ., Recovered ;g @ 100kHz -108.9dBc¢/Hz
-63 12MHz BW ) L/
-100 e
73 ¢
110
-83 { |
-93 -120 Vo
Center 14.00000 IGHz | Video BW 20 kHz | Span_100.0 MH: -1 30 Integ rated Jltte r 486 8fs (1 OOHZ to 1 GHZ)
#Res BW (.6dB]30|(Hz Sweep5.73ms [1001P15 stanoﬁsét'l\uall.llzllll L L TLI [N L [ Stupoﬁset1.DOGHz
Recovered clock spectrum Phase noise of the recovered clock
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Measurement - Jitter Specification

= Measured JTF and JTOL under a 28-Gb/s PAM-4 input

10

|JTF| (dB)
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in China (ICAC

0.1
Jitter Frequency (MHz)

) 2022

1

10

ss Frequenc

100

1000,

- 28Gb/s PAM-4
~  PRBS2'-1

L

Jitter Amplitude (Ulpp)

0.01 01 1 10 100
Jitter Frequency (MHz)
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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 [9]

Architecture Single-Loop Dual-Loop Single-Loop Single-Loop Dual-Loop Single-Loop

Full-Rate BBPD Full-Rate Linear PD | Half-Rate BBPD Baud-Rate PD Half-Rate BBPD 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 t0 29.1 8.21t010.3 6.7 to 11.2 22.510 32 4t010.5 8.510 121
Active Area (mm?) 0.0285 0.54 0.047 0.213 1.63 0.053
Data Rate Variation (Gb/s) / Acquisition Time (ps) 5.15/0.628 1.3/ 116 22/219 9.5/10100 11230 3.6/4
Acquisition Speed [(Gb/s)/us] 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 (Ulpp) @ 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

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

1 BBCDR prototyped in 28-nm CMOS:

= Core area: 0.03 mm?

= Energy efficiency: 0.68 pJ/bit

= Jitter tolerance: 0.4Ul, @200MHz

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

* Design 2: Deliberate Current-Mismatch Reference-Less BBCDR
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Design 2. Deliberate Current-Mismatch Scheme

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

Development
Oversampling Ratio: 3X->2X
Full Rate - Half Rate
Reduce Clock/Data Hardware

Continuity
Low-Power Techniques
Deliberately Mismatch

Control Logic

Design 2: Deliberately Current-Mismatch Half-Rate Reference-Less BBCDR

— o~
4 Charge Pump ) (BBPD with Deliberately Current Mismatch\
with Extra Net Current Path Leads to Single-Side Polarity
PR [P— pp—
E E Aloutav Aloutayv Alout,av
:g. 1 Inc
3 I > Ll > I >
a AQ Ag A9
[ Ine
g. - Aloutav loutav loutav
a Zero Net Current Negative Net Current
—'i Positive Net Current o Af A
s s
o
4 R B AR T4 2022 K )
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Motivation — Prior Works
[W. Rahman, JSSC’2017] [S. Huang, JSSC'2019]

r N\ N
RX Waveform Lock BUF1 BUF2
(Post-CTLE) | | Snu Voltage Zone 3 (VZ3) >|>—'> ORI
P Vo st - 51 P Y
e P P e Voitage Zone 1(VZ1) _
|1 Voltage Zone 0 (VZ0) Q
||
CKREC_’ _Lf : | PD Logic |
n-1 1" n+1 S, PDour
I vz3 UP DFF1 DFF2
= = — VZ2 DN P o] S N ) oH
PDour —f- : e vZ1 DN A A A T2
DN|DN[O @ VZ0 N/A I T T
RCK
- J J
Additional slicer for the data level decision Insert variable delay in the data path
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Motivation — Prior Works

[X. Zhao, CICC’2020]

[K. Park, JSSC’2020]

[ S
— [—= 33 >y Eary Case | ZSP | NSP | PsP
@ 10 9™ DN (Ion)] | CK | CcK CK CK
Din == == CcK (Ion)] lout Veont 0 0 0
== [==s ChU P (II;P) T CKs CKiso CKayo CKaro
D Q N M 2 1\ arge Fump =
—[;}— g CKs — Late Early (E): S2=S1 Late (L):S2=S;
ZSP : CKo & CK180 NSP: CKo & CKgo PSP: CKo & CK270
E Do X p1 D> Do X | D1 X D Do X D4 _) D;
? S S s1 33 s1 33
£ T T 1 Ll R R |
g S S3 S S3 S S3
= TLel el T e 1T T L €l
"g'_ A loutav T A lowtav A loutav
3 . }/ - . R
o AQ AQ n AQ
o 2
\_

: 15! BBPD sampled by

} CKO / CK180
E : 25
DATA ' A
——> :F D aH=p Q :
< 'y : DNO
CKO cko §  cko . : ]
S— :F D Q=D Q}—
N N E
ckiso] ckiso]  cko :
: 2" BBPD sampled by 'UP90
: CK90 / CK270 > ;

> :II D QH»{D Q ;
A ~ .
'DN90
CK90 r CKO f CKO ) ! ) >IE »1D
> :F »D a}—|D Qq}— '
. .
CK270 cmaof CKO

FAST

SLOW
[

Requires quadrature clock for
3x oversampling at full rate

N B Bt R B & 2022
Workshop on IC Advances in China (ICAC) 2022

4x oversampling clock for the

BBPFD at half rate

Reference-Less Frequency-Detector-Less Single-Loop Bang-Bang Clock and Data Recovery (BBCDR) Circuit




Key Features of Conventional Full-Rate BBPD

Full-Rate BBPD
Ss r—~Early U_P
D | D 8 L 0 9> d UP(IUP)|/\ AN
out
N I + CKP DN (low) —'—-LIVCONT
=~ Al S Charge Pump 4
D QD Q \ =
= CKx N Dlate
PD Curve Open-loop FD Curve
Iout,av |out,av

Zero Net Current

‘ l - —l-Af IDva:é:

= The conventional BBPD has very limited frequency capture range.
= What if we deliberately add mismatch into the charge pump, i.e., l;p#l5y ?

N B Bt R B & 2022 , o
Workshop on IC Advances in China (ICAC) 2022 Reference-Less Frequency-Detector-Less Single-Loop Bang-Bang Clock and Data Recovery (BBCDR) Circuit

43 of 66



Details of PNC Operation

S \ Early
S Case PNC ZNC NNC
~ UP {lue) Loyt e | lo+1 | |
Dy =CK ou wp | lo+Inc 0 0
o DN ()|~ 1O
" S2 ||, | Charge Pump I lon lo lo o+ Inc
CKn —/—Late Early (E): S2=S1 Late (L):S2=S3
PNC
- A |out av : A |out av A |out av
= '
H e
3 1 ], I
& AQ AQ AQ
1Inc
S
§- - A |out,av § |out,av § |out,av
o Zero Net Current i Negative Net Current
] d 5
< Positive Net Current |
g | g ;B
o : E

= Positive net current (PNC): 10>y = VconT iNCreases
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S3

Details of NNC Operation

\ Early
S Case PNC ZNC NNC
Q UP (lur)| | lo+ | | |
Din 2=lck out uP o+ Inc 0 0
o T
VQ‘ S2 ! \Dﬁharge Pump I lon lo lo lo+ Inc
CK —Late Early (E): S2=S1 Late (L):S2=Ss
NNC
- A |out,av : A |out,av A |out,av -
= ' [—
2 g i : ==
3 b | o | ¢ o] =
o AQ@ AQ ¢ AQ —
~ ;
5 Tlnc

]
§- o Alout,av § |out,av § |out,av
T : Zero Net Current i Negative Net Current
g Rt At At
s Positive Net Current |
d:) I : v —
S E 5

= Negative net current (NNC): I p<lyy = Vconr decreases
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NC State Transition

A Vcont
Not In Correct Ny
VCO Band Vs.
>
\_ t J
C AVeont )  AVeowr )
VRer+ . VRer+
Timer
Overflow Timer
Mm}m Overflow
VRer. > VREr. >
\. t J \_ t )
In Correct VCO Band . ~ InCorrect VCO Band
A Vcont
S+
Not In Correct
FM&, VCO Band
T

= Shares the same principle as that in CDR design 1.
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Complete Schematic — Design 2

CKour Ve Vn Veep Vepr
‘ Vep . MDSW SW
Y h d | | | |
Vocu T gj: alll 2 S + Enable 0|V x| x v
A ") Vp . 0
= | | % Disable Tlx| V| x|V
CKos CKigos gg; ng ; P it X Unconcemed [~ 4 X[ x[ x| v | %
1o - of{ 310 S} E ; VeV Ve
P N P
—— Ses3 D ‘%
CIT(oB ® Ion Iont
1 VN Test Clock Quadrature
Lo o[Se2 5 I I Buffer B :fc Clock Generator
Din A - e— CKog A CKa L D t th
»— T Proposed CP 1 CKus CKao Dynamic-Latch- a a pa
PAM-4 CKsoe ¢ | CKises CKiso Based
b tF q Sk3 4 Vee CKaros CKano Divider-by-2
== =2
P2 2 = Proposed charge pump
CKTmoB Ve ¥ VCONT . LC-VCO
lup lups ’ ’ » Y
Ses
b DjFQ ﬂb 3343:)D 1T J_ R1%
A

“Tol e = Clock generator

w

Control

b
CKons gg‘: 2> ,5

;
B i A2A1 Ao
Voco c :l: S i %12:-659 .567?: putter £s . . .
=9.. > —
s = offse W Reete 28 ool 4% @ Hybrid control circuits (HCC)
T = = LPF JJJJJJLFHJ o« &
CKog CKizos Proposed CP . %‘7 <
Mode Switch Control 3-bit Counter
Edge Detector
MSB PTM (Reset = 0) or (SW Toggles) or_ FAM
SW Holds; (Voont<Vrer.) or (Veonr>Vrerr) | SW Toggles; D
VCO Band Holds; VCO Band Jumps;
LSB MDSW = 1: (Vcont remains steady ) MDSW = 0: Delav C
’ ’ y ell
InZNC and (Vrer.<VconT<Vrer+) In PNC or NNC
L R R N ) VCO Hopping Control
*——o—3 —" /

Vrer. Vrer+ MDSW Vcont SW
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Block Diagram - Data Path

CKour Ve Vn Verr Verr
- N Vor * MDSW SW T T T T \
VOCU ’c— SA Y Y | | | |
— Dj:Q 2 N v Enable 0 0| v |x x v
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1 Sa1 i it —3 O
Sg: 7 P N CP
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CKos lon lons
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T i
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—— Sss |UP |UP1 ' 1 4 N Je—
an Dir_ o[ %% o | Sa 'f ? 1 c J— R’% 3-bit Band
ZI Ci 3} Control
CK;70B Ses /5 } - I Test A2 A1 A
S " - C=69.66pF  Buffer — ~
Voco (¢ C2=5.57pF =i
1 £
1 D:LEQ 5 Sc Wi Ri=1.14kQ 312 | ") " rTh—1-
T = LPF —
CKo; EKwoa I:| I'JIH-|.r'IrH oKq
\ — Proposed CP .
Samplers with Mode Switch Control 3-hit Counter
Built-In References | ) T
ge Detector
MSB PTM (Reset = 0) or (SW Toggles) or_ FAM
SW Holds; (Vcont<Vier.) or (Veonr>Vrers) | SW Toggles;
VCO Band Holds; . VCO Band Jumps;
LSB MDSW = 1; (Vcont remains steady ) MDSW = 0; Delay Cell
In ZNC and (Vrer.<Vcont<VRer+) In PNC or NNC L J
L ) VCO Hopping Control
J
S —
Vrer-  Vrer+ MDSW Vcont SW
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Reset

The 1%t stage of
comparator
D Vop

HQVocu

T_Il—CIVm

Build-in reference

LSB decoder

Circuit Symbol
DseL D
ESEL §EL
Dx D— * aDy
SN e
Dse.  Doutr DseL

[CDR Design 1]
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Operation — Charge Pump

CKour Ve Vn Vecer Vere
( ) Vep & MIZLSW S'_\(V T T T , \ 4 ™\
VOCU C sA Y Y | | | |
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Ss1 JJ—JJ O : :
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- |D QI ——D ' ' : = =
LA 2 : '
=
CK IV 4 Veont LC-VCO
1808 . e . i . ; Ny
ai DiFQ | Ses 3343:)D 4 1 R1 .
? ? CZI . 3-bit Band '
_A_‘r 5 5 1 I Test 3Y Control :
CKaros B4 } - = Az A1 A :
S St . - Ci=60.66pF  Buffer — 2 :
Voco B—-H(c ’ C2=5.57pF £8 - ’
S . V gl et H
Hip L a|[fp ¢ N R1=I1-.;:k(2 512 ;JJYL;; R—sro_—¢§
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CK{ '
| CKos CKigos : Proposed CP . |:| :
Samplers with Mode Switch Control 3-bit Counter
Built-In References | ) ST :
ge Detector '
PTM (Reset = 0) or (SW Toggles) or_ FAM :
MSB SW Holds; (Vcont<VRer.) or (Vcont>VRers) SW Toggles; :
VCO Band Holds; ) VCO Band Jumps; :
LSB MDSW = 1; (Vcont remains steady ) MDSW = 0; Delay Cell :
InZNC and (Vrer-<Vcont<VREer+) In PNC or NNC L ) :
Decoder L ) VCO Hopping Control
R — / ‘
Vrer. Vrer+ MDSW Vcont SW
N B Bt R B & 2022

Workshop on IC Advances in China (ICAC) 2022 Reference-Less Frequency-Detector-Less Single-Loop Bang-Bang Clock and Data Recovery (BBCDR) Circuit 49 of 66



Schematic — Charge Pump

| Size
[ 1x 1x 1x 1X 1x Multiple
[ e e
Veige e J|:T
Bie: e 2l Ve Mo
' thiom

[
=
(=]
Oy - ——a_y
3£7
JH Ve
b

S
U
|—u--o—':"'|'
—o~o—JT

REF

CdM1

Eﬂj DN::Iji

CdME

L L L L L L T

PMOS
M1,M2 Ms, Ms
24uym | 8.1pum
0.3pm | 0.15 um
NMOS
M M
1.2pym | 3.9pum
0.3um | 0.15um
Ms Ms
24um | 8.1pum
0.3um | 0.15 um

= 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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Schematic — Clock Generator
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Chip Photo and Area & Power Breakdown
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Main Circuits

Area Breakdown

Area

Auxiliary Circuits

VCO + DIV2

0.0261

MSB Output Buffer

PD+CP+Decoder

0.0008

LSB Output Buffer

HCC

0.0002

Clock Output Buffer

LPF

0.0285

Vcont Output Buffer

Sub-Blocks

Proportion

Total Core Area: 0.0556mm?2

Power Breakdown

Sub-Blocks

Proportion

Sampler

40%

XOR

6%

VCO

23%

HCC

1%

Clock Distribution

17%

CP

3%

ess Frequency-Detector-Less Single-Loop Bang-Bang Clock and Data Reco

very (BBCDR) Circuit

Total Power: 12.72mW @ 52Gh/s = 0.24 pJ/bit
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Measurement — Dynamic Processes

P @:52Gbls : T ! i [@52Gbl§

BT T T it

iPTM = ipTM

EJ

= Similar to that in Design 1 = Can lock in both PNC and NNC
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Measurement - Time Domain

Real-Time Eye
40.7431 MUL
957 Wfms

Real-Time Eye
1.06493 MUL
25 wWfms

Standard Deviation = 889fs
Jitterp.p = 7.9ps
Tigger
Signal Hist.

532.5-fs Std Dev

Real-Time Eye
‘ 1.06493 MUL
25 wWfms

200ps  -162ps -123 ps -846 ps -4.62 ps -T70 s 3.08 ps 6.92 ps 10.8 ps 146 ps 1
Results (Measure All Edges)
53.198 khits/ Histpz2o  95.9% BinWidth 30
0 hits Histpz3oc 99.8% Hist Median -860 fs
8714315 Histp-p  790ps Hist Maode  -770fs
Hist Std Dev  8BB95 fs HistMin  -5.07 ps Hist Hits 11.6992 Mhits
Hist p£la 68.1% HistMax 284 ps Hist Peak 159,509 khits

Recovered Clock and Data Eyes Jitter Histogram

N BT ROARB T4 2022

Workshop on IC Advances in China (ICAC) 2022 Reference-Less Frequency-Detector-Less Single-Loop Bang-Bang Clock and Data Recovery (BBCDR) Circuit 54 of 66



Measurement - Frequency Domain

1 Spectrum Carrier Power -16.6 dBm

ScalelDiv 10 dB Ref Level 0.00 dBm Scale/Div 10.000 dB Ref Value -50.00 dBc/Hz

Log Log T T TTTIT T T 1111

-60 -95.31dBc/Hz

/ @ 10kHz -111.96dBc/Hz |
" @10MHz |

-10

Half-Rate

Clock @13GHz I TrP e
| Integrated Jitter (100Hz to 1GHz)
140 Raw: 415.6fs; Smoothed: 306.7fs

Loepneppeee e et P
Start Offset 100 Hz Frequency Offset (Upper Side Band) Stop Offset 1.00 GHz

3 Marker Table A

Mode | Trace X Y Function Function Width Function Value Power
500 MHz -129.87 dBc/Hz|  Integ Noise 999.9999000 MHz 306.7 fsec) DSB
500 MHz -129.88 dBc/Hz|  Integ Noise 999.9999000 MHz 4156fsec/ DSB
10.0 kHz -95.31 dBc/Hz, 55B
100 kHz -97.49 dBc/Hz, 55B
Center 13.00000 GHz Video BW 300 kHz Span 100.0 MHz 1.00 MHz ~111.89 dBc/Hz 5SB
#Res BW 300 kHz Sweep 1.09 ms (4096 pts) 10.0 MHz -111.96 dBc/Hz 55B

Spectrum of Recovered Clock Phase Noise of Recovered Clock
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Measurement - Jitter Performance

10 - 1000 —r——————————————— I—
i | ==0= JTOL (PAM-4 PRBS 27-1)
0L 100 b Xt |=o—JTOL (NRZ PRBS 2%-1) |
NI\ CEI-56G-VSR-PAM4 Mask |
g-10f £ 10 }
T -
5-20} — 2 1}
-
0l | JTF Bandwidth = 7MHz 0
| Input Jitter Amplitude = 0.1Ulyp '
40 L— 5 0.01 L—— _ _
0.1 1 10 100 0.1 1 10 100
Jitter Frequency (MHz) Jitter Frequency (MHz)
Jitter Transfer Function Jitter Tolerance
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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]
Single-Loop PLL+ Pl Based Dual-Loop Single-Loop Half- | SPFD-Assisted Single-Loop Single-Loop
Architecture Half-Rate Quarter-Rate Half-Rate Rate Quarter-Rate Full-Rate Half-Rate
BBPD BBPD BBPD BBPD BBPD BBPD 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 96.25 41010.5 41020 6.4 to 32 23.4 t0 29.1 6.7t0 11.2
ata Rate Yaration (Gb/s) and 10.6/1.08 NIA 11230 16/10 256/ 11 5.15/0.628 221219
cquisition Time (us)
Acquisition Speed [(Gb/s)/us] 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 Jiter (ps) 0.416 0.6 2.2 1.95 1.99 0.487 1.8
@ 13GHz @ 4.06GHz @ 5GHz @ 10GHz @ 8GHz @ 14GHz @ 5GHz
0.45 04 0.42 0.1 0.505
JTOL (Ulpp) @ Dy (NRZ) @ 100MHz NA @ 50MHz @ 100MHz @ 100MHz NA @ 200MHz
Jitter Frequency 0.1 0.09t0 0.15 04
Dy (PAM-4) @ 100MHz @ 100MHz NIA NA NA @ 200MHz NIA
Power Consumption (mW) 11 t0 13.1 99.3* 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 (mm?) 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

1 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

O BBCDR fabricated in 28-nm CMOS:.

= Energy efficiency of <0.25 pJ/bit
= Acquisition speed of 9.8 (Gb/s)/us
= Data rate variation of ~11 Gb/s
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Outline

* Conclusions and Prospects
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Conclusions

1 Two Frequency Capture Schemes are proposed:

= BBPD with deliberate clock-deviation scheme

= Charge pump with deliberate current mismatch

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

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

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

= 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)/ps.
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Prospects
1 All Digital Realization:

= Hybrid control circuit
= Adaptive coefficients (K, and K)) 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

Y 1
Workshop on IC Advances in China (ICAC) 2022 Reference-Less Frequency-Detector-Less Single-Loop Bang-Bang Clock and Data Recovery (BBCDR) Circuit

62 of 66



Nick’s Approach to IC Design

* Simple =) Complexity

 Low Power
Industry and Research
 Small Area

 Excellent Performance
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