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Background

 Serial links

— A transmitter sends a serialized NRZ data over a single wire or a
wire pair.

— A receiver recovers the clock and data from incoming NRZ data
stream.

— Since its high-speed capalbility, it is employed in the high-speed
communication over long distance.
Ex) SONET, Gigabit Ethernet, ...

— Nowadays, many specifications utilizing a multichannel serial link
continue to appear in the area of backplane communications to
meet high bandwidth.

Ex) SATA, PCI-Express, DisplayPort, ...
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Background

* Clocking schemes

(a) RX has no reference
clock.

(b) TX and RX have each
reference clock and it
has a small frequency
offset due to device
mismatch.

(c) TX and RX have the
same reference clock.

(clock forwarding, source
synchronous)
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Background

« Jitter generation
— Definition
 CDR output jitter measured with jitter-free input data
— Generally, 0.1Ul peak-to-peak and 0.01UlI RMS are specified
— Jitter sources
« Device noise
* Ripple on control line
» Substrate or supply noise
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Background

« Jitter transfer
— Definition
« Ratio of CDR output jitter to input sinusoidal jitter

— In the specification of SONET, jitter peaking must be less
than 0.1dB

* Important for transceiver design to restrict jitter accumulation

A

P[dB] slope = -20 dB/decade

acceptable
range

f
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Background

e Jitter tolerance

— Definition: Peak-to-peak amplitude of sinusoidal jitter
applied on the data input that causes the BER threshold of

10-12,
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CDR Architectures

 Phase tracking CDR

— Feedback control

ex) PLL-based CDR, DLL-based CDR, CDR with combination
of PLL and DLL, and Pl-based CDR

« Blind oversampling CDR
— Operates with the receiver’s own clock (no feedback control)

 Topologies without feedback
— Gated oscillator, high-Q bandpass filter architecture
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PLL-Based CDR

« Basic architecture

NRZ data stream up .|
g vetrl

PD dn CP

VCO

\ 4

[
>

Hiw—

* Advantages
— Input jitter rejection

© 2020 DK Jeong Topics in IC Design



PLL-Based CDR

e Since inputis a non-periodic data stream, a PD
should be used instead of PFD.
— Linear PD, Binary PD
— Full Rate, Half Rate, Quarter Rate

-Well defined gain IPA
- -No current when locked
Linear PD -Requires liming amplifier / AQ
-high-speed data gating

-Simple architecture

-Easy to adopt parallelism
Binary PD | -Inherently locked to optimum
sampling position 20
-Unpredictable gain

-Large ripple noise when locked
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PLL-Based CDR

« Hogge PD
— Inherent data retiming
— The width of U1’s output is dependent on the phase error.

— The width of U2’s output is constant which is half clock cycle
wide.

— In locked situation, it causes a transition-dependent jitter
even when the net pumped charge is zero.
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QOutput of U4 | ] [_
Output of U1 ; [ ML 1
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Fig. 11. Hogge phase detector. of
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Fig. 12. Waveforms of Hogge's detector with clock and data aligned.
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PLL-Based CDR

* Triwave PD

— A transition-dependent jitter is eliminated with zero area of
the triwave.

— But, it is sensitive to duty cycle distortion due to unequal

weighting. e ] 1
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Phﬂ.:c;. Dcwtcmr QOutput of U4 | f L 1
/_f\ aowwars T LI L
i Z f_t_ QOutput of Us —‘_—_]_J I.._l L

Cutput of U1

Output of U2

1
o
1
4]
1
ﬁ Crutprat of U3 "
pr—— 2
-~ e b e U
aye me ) Output 1
Data D Q [ Do D Q -2
:.IM [ U3 S g Output of Loop -I-I I---.--.:
I I i
— = ) M
Clock Clock Clovk

Fig. 15. Triwave phase detector. Fig. 16. Waveforms of triwave detector with clock and data aligned.
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PLL-Based CDR

 Binary PD
— Dual-edge D FF can used as a PD.
— Drawbacks
* |t retains the previous output until the next transition of the data.

 Since the PD samples the clock by the data, whereas the decision
circuit samples the data by the clock, data retiming exhibits
significant phase offset at high speed.

Retimed data

Clock | | | | | |
Data | I

Phase error () clock lag

Data
® Clock | | | | | |
Data | |

(b) clock lead

0

L
Recovered clock
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PLL-Based CDR

 Binary PD
— Alexander PD (2x oversampling PD)

* Inherent data retiming
« Zero DC output in the absence of data transition

S S,
D_ dn pata__ [ |s,
Cloak I
Data 83‘ S, o ;
@ L up
2\ 2\ j : Ss
T S; I
So S, S,
N A\
Clock l S — —
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 Binary PD

PLL-Based CDR

— Various binary PDs

2Xx-oversamping 3x-oversamping 4x-oversamping
PD PD PD
Data X X X X X X
Sampling T T T [ T T T [ Tm T T]T
Iclk1 dclk1 rclkl rclkO |Iclkldclkl rclkd] Iclk2
Clocks eclk0 dclkl eclkl rclko Iclk2 eclko eclkl
Ip Ip Ip
PD —I
Characteristics N D AD
Tradeoft between -Small dithering jitter -Small dithering jitter
Features dithering iitt q -Phase drift can occur with | -High tracking bandwidth
INering JItter an large deadzone width -No phase drift
tracking bandwidth
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PLL-Based CDR

 Frequency acquisition
— Since a PD has the limited pull-in range, a frequency

acquisition loop is needed especially when a wide-range
VCO is used.

— When only PD is used, a harmonic lock or a false lock can
occur as shown below.

M " " 1 ! data

MU Uy clock
' ! . , 1/2 clock

| 2x clock
4/3 clock

early/late indications
cancel in loop filter,
leaving an attenuated,
but possibly stable lock
signal.

correct early late correct
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PLL-Based CDR

 Frequency acquisition
with a reference clock

— In dual VCO locking, coarse
control voltage is fed from
another frequency (or phase)
tracking loop, which is typically
TX PLL.

— In sequential locking, a lock
detector determines whether
loop is activated.

ref clk

| PD

NRZ data stream
—

«| CP, [{ LF,

VCO;

| FD

a| CP, 1 LF;

> VCOZ

(a) dual VCO locking

NRZ data stream
—_———>

ref clk

PD

upy

dn,|

| CP —{ LF

| PFD

up,

» VCO

>

dn, |

| LD

locked
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Frequency Acquisition

* Frequency acquisition without a reference clock
— A feedback loop with a frequency detector accomplish the

locking of the frequency.

— The bandwidth of frequency-locked loop should be much smaller

than that of phase-locked loop.

> up,
NRZ data stream PD dn, CPl
Vectrl
é 4
> | up, 1
| FD [a]| CP> IS

VCO
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Frequency Detector

« Operation of the frequency detector

CK,(t)=cos(wat+p) A
X » Cos[(wl-w2)t+¢] )wi>w2 : A leads B by 90°
iilwl<w?2 : B leads A by 90°

X(t)=cos(w,t)

CKo(t)=sin(w,t+q)
= - D—L—» sin[(w1-02)t+]

Tioged Fr__ Bang-bang FD
[} | A

CK, !
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[}
N AN i A fo<r |fo>r
it it >
NRZ data stream )|

| —~— }

Cko ' [ V] g
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e
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Frequency Detector

« Operation of the frequency detector
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Half-Rate PFD

* In PD, rising and falling edges of the half-rate quadrature clock
coincide with data edges. (Very similar to Binary PD)

* In FD, if clock is slow, Vpp, leads Vpp,. When Vg, is sampled
by the rising edge of the Vpp,, result is negative. When Vpp, IS
sampled by the falling edge of the V,, result is positive.
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Figure 5.3.3: Phase detector. Fiqure 5.3.4: Phase and frequency detector.
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Frequency Comparator

« Use of two counters

One generates start/stop, the other counts the clock pulses.
Determines if frequency difference is within a certain bound.
Drives the loop within the lock-in range.

May have a hysteresis to accommodate the difference between
lock-in range and capture range.

L]
Fammnn
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Fraduan'cy Cnmpératbr
frer ~ fvco < 200ppm

i REFLOOPON 3~ ¢ DATA-LOOP oN .

frer ~ fuco > 1000ppm
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CDR in Analog CDRs

 Analog blocks start to show limitations in deep-submicron
CMOS

— Severely affected by low supply voltage, low output
Impedance, leakage, and increased flicker noise.

— Low supply voltage and poor transistor output impedance
aggravate current mismatch in CP and introduces ripple

— MOS capacitor in LF = large leakage current = large ripple
In control voltage = deterministic jitter (pattern jitter)

*The area of MIM capacitor, which has no leakage, is x20 larger than
that of MOS capacitors @ 90nm.

— The large loop filter couples substantial amounts of
substrate noise into the sensitive control voltage node

[1] P. K. Hanumolu et al, CICC. 2007
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Advantages of All-Digital CDRs

* Digital blocks offer advantages.

— Higher speed with deep submicron CMOS.
— Less susceptible to short-channel effects.

— Compact circuit realization.

— Eliminates the deterministic jitter caused by capacitor
leakage and charge pump current mismatch.

— Loop dynamics, which is set by DLF coefficients, can be
easily programmed and are also immune to PVT variations.

— Good portability for newer processes.
— DLF eliminates the noise coupling problem.

[1] P. K. Hanumolu et al, CICC. 2007
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ADPLL-Based CDR

« ADPLL-based CDR with a digital loop filter

— An analog loop filter has several limitations in deep-
submicron process.

» Large leakage in deep submicron process
« Large area
« Large capacitance variation
— Use of a digital loop filter
 Robust gain without regard to PVT variations
« Smaller area
— Architectures

* Hybrid architecture with VCO

— Only capacitor is substituted to digital loop filter and resulting
integral information is transferred to VCO after lowpass filtering

« ADPLL architectures with DCO

© 2020 DK Jeong Topics in IC Design
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DLL-Based CDR

« A PLL-based CDR is not good solution for
multichannel integration
— Large area for each loop filter
— Multichannel crosstalk/pulling

e Features

© 2020 DK Jeong

If the clock with the same

Retimed datz:l

frequency is provided, the

DLL can be used for data

recovery.

Multi-channel data recovery — refek |

NRZ data stream

up

with shared input clock.

It does not work if the
frequency offset exists

PD [w] CP | LF [~ VCDL
[
"|PFD [ CP|—{ LF | —{ VCO |4
Div-M

No jitter peaking (15-order
loop)
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CDR with combination of PLL/DLL

« CDR with a 2"d order PLL
— Jitter peaking (For peaking of <0.1dB, { should be >4.66)

— 2"d high pole determines the jitter transfer corner
frequency and jitter tolerance corner frequency.

~|PD+CP

(Kep)

\ 4

LF

(R+C/s)
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Jitter transfer Jitter tolerance
| |
E(s)/X(s)
Y(EYX(E) =[X(8)-Y(S)IIX(s)
(Kveo)
wz=1/RC / \\ Wp2~RKppKyco
Jp—Wz/Wpl"'1+1/4€
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CDR with combination of PLL/DLL

« CDR with combination of PLL and DLL

— Proportional term exists with no zero.
— No jitter peaking

— Jitter transfer corner frequency and jitter tolerance corner
frequency is independently controlled.

Retimed data AJltter transfer Jitter tolerance
— | }

YEX(E) E(s)/X(s)

=(X(s)-Y(s)/X(s)

oaa |VCDL[ | PD B cP Pl LF l—» VCo H

x_> |-> (Cls) _‘

(a) a shared tracking loop

~Kvcol KVCDL/ \ ~KppKvepl/C

[D. Dalton] “12.5-Mb/s to 2.7-Gb/s continuous-rate CDR with automatic frequency acquisition and data-rate
readback,” IEEE JSSC, 2005, Dec.
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CDR with combination of PLL/DLL

e CDR with combination of PLL and DLL

— The previous design does not work with the limited delay range
iIf the initial delay of VCDL is far from the middle of covered
range.

— Two loops are independently controlled.

Retimed data

—>
VCDL PD || CP [—¢

NRZ gata stream

PD |—{ CP || LF |— VCO

-
—>

(b) independent tracking loops
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Pl-Based CDR

 Phase Interpolator based
CDR

© 2020 DK Jeong

It has same dynamics and

structure of DLL-based CDR.

The delay range is unlimited
with the phase-rotator.

Retimed data

It works even when the
small frequency offset exists

ref clk

It is appropriate for multi- B

NRZ data stream
e

PI

channel integration but the
routing of multiphase clocks

_|_
" PD ~{DLF ~{I.DAC ==~
ol 2 3 B
|PFD~{ CP ~{ LF VCO
Div-M

IS necessary.
No jitter peaking
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Blind Oversampling CDR

* Features y
Recovered data
— Feed-forward >
architecture —
— Fast acquisition and Selector [
inherent stability T T T T T
— Each received data bit Samplers 1, N
sampled at multiple | —[ }+ e 3 B
points ] L »| Register —» %oeutgggy
—>
— Sample far from the bit "
boundaries is selected T O S
as the retimed data
. . refclk Multiphase
after the bit boundary is = " Generator

estimated.

— Alarge FIFO is required
for sample data storage.
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Gated-Oscillator-Based CDR

e Burst-mode CDR

— The synchronous clock is derived from the gated oscillator which
IS triggered from the edges of data.

— Fast synchronous clock recovery and data acquisition

— No jitter rejection
due to open loop

Recovered

NRZ data stream _| Variable R data
— Phase alignment | Delay Buffer [V A ]
is sensitive to PVT o ecovered
variations —') , , et

_ EX) passive Edge Detector [ L ___ v oo o]

optical networks,
optical packet .
routing system |PFDCP > LF

A
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High-Q based CDR

* Very old version of a CDR circuit

« Since it needs high Q filter, the monolithic integration is
difficult.

Delay unit for maximum sampling margin is necessary and it
Is typically PVT variant.

Recovered
NRZ data stream > Variable Delay for o data >
Phase Alignment
A
Recovered
igh- lock
|| Edge High-Q ' cloc .
Detecor Bandpass Filter
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Outline

« Why ILO in CDR?
 Recent works

¢« Summary
 References
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Why ILO in CDR?

Customer

Antenna 1

Central Office

Downstream:
Co I'IﬂI'II.IDlH OLT

Tx

Rx

(e

ﬁ aaniln

Upstream:
Burst

[Passive optical networks]

e Burst-mode CDRs

« PON: passive optical networks

« Broadband correlator

© 2020 DK Jeong
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..................................

[Broadband correlator]



Tuning Fosc using Frer

open loop

Edge
Detector

Sampler

D Rpata

— o — ——— —

PFD

Loop
Filter

Ve

o

[JSSC’08 Lee et al.]

open loop

Sampler D Rpata
LA D Rewk
D.N:e—[a>J— Edge
Detector
}\; ---------------- -~
: |=I:|;E=I- Loop :
| FO ™1 Filter [Vorn, !
[ r I
| =N |= |
| FLL I
M o o o —— ————————— — -

[JSSC’08 Terada et al.]

« Direct data injection —random sequence
 Frequency acquisition — PLL/FLL (Frer, plesiochronous)

 Phase acquisition —injection

© 2020 DK Jeong
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Tuning Fosc using Frer

Input

M[7]  Buffer Clock [JSSC’08 Lee et al.]
D ML Buffer
Input Daian—D AN cK
out
(20 Gb/s) =20 GHz)
5 gy, xor Tveo, Tveo;
: : | | Do
: ] D FF Q™50 Gbis)

: Unity Gain ;
VCO, ; Buffer

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

Reference PLL

« 3VCOs: large power consumption
« Data sampling point: manually controlled
« Mismatches between 3 VCOs: not concerned

Af between N-fret & Input data: not concerned
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Tuning Fosc using Frer

[JSSC’08 Lee et al.]

Transmitter Receiver

I Led]l:locied} : 1Iocl::a:l]| [Ioc?:ed]l H d {Inc?ced] MUX
RO B T I

; ! ! Inj. Locked [~ Do
DG GElD G5 GEEEED D —] | F

: f : A

i i i Rtfnrmca_T

i ] R PLL

AF Af 20F fmf’—&‘b‘a=_+

f_b"" _ T ul f_hl'" 312.5 MHz

[lllustration of Af effects] [Possible realization]

+ Af degrades BER performance
* Possible realization using fref from TX
 Theloop cannot track optimum sampling point

© 2020 DK Jeong Topics in IC Design 6



Tuning Fosc using Frer

Input Delay » DFF | — Recovered
Data A data
'y
Eﬁﬂ: _»| Gvco L » Recovered

clock
T Ctrl.
A J

[JSSC’08 Terada et al.]

AE
Bhn 1/64
5
10 a
‘_5"‘1 \ 4
Up/Down Freq.
counter |j¢— d r Reference
clock

« 1VCO: no mismatch concerns
« Data sampling point: manually controlled

« Af between N-fref & Input data: Not a problem for short
burst
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Tuning Fosc using FrRer

30Gb/s el [JSSC’11 Take et al.]
Txdata  Ir
—1Tx Variable
Delay
—\:rn ' Buffer Rxdat#Pen loop
%l:»w =
s AN
HMI'J

Inductive coupling

No edge detector (XOR gate, bandwidth bottleneck)
Vctre from replica PLL (plesiochronous)

Data sampling point: manually controlled
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Tuning Fosc using Frer

Sy.?temCJk (1.875GHz) SystemClky ¢ SystemClky ¢ [JSSC’11 Take et al.]

VCTRL,TX
f Mtxdata0 Mtxdata(N-1)
c.. (1.875Gbis)} 16 || Txciko (1.875Gbis)
o \MUX_Z(15GHz)

I5=N
W Txdata0
(30Gbis)

PFD+CP

PLL Tx

5
Tx Chip

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

Rx Chip
BUF

PLL Rx Min,
VCTRL,RX '

PFD+CP .o

? Rxdata0 | Rxdata(N-1) @
Cpry (30GDIS) Rxclk0 (30Gbis) Rxclk(N-1)
(15GHz) EMU
L 16
SystemCilk Mrxdata0 (1.875Gbl/s) Mrxdata(N-1)

 N-channel parallel inductive-coupling CDRs
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Tuning Fosc & ®ing from BBPD outputs

2-p modulation closed 100P phase control
compensator— - o) | [JSSC’16 Masuda et al.]
. Sarvie
DM |:|_+ ".n'aDr:la;Ig Edge DET. | EDET . 2:10
. Y] [Rise only) =,: DMX Lo Rec.
,. 3 | Phase Daa
/ Variable Delay \ Oy X & Rec.
.(i]@mm T : Frequency CLKIS
o ) b | 210 ) Control
+|@ o] DMX
7|9 % |
N Rec.

L
DIN T To
DIN Edge 1\;\ YO
Phase b DET. ) " ) /_
contral © A ) Fing » O |, Frequency contral
h _/ i < *
! O

./— Delay element w/ Fine & Coa rse tunin_\\ ./ Lo |'° <2 |‘O <4= \.
g{ -:r.:-@ Fina i <7 e
: ] I
j_c n.h é? «— EDET
; b 3= =H>
o 2N o <6> Lo <0> /

 Phase & frequency control from single BBPD

« BBPD pair comparison
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Tuning Fosc & ®ing from BBPD outputs

DIN \

ni

EDET Inj. Non-Inj. Inj. Nondnj.  Non-Inj.
ILO <1=>
(or<5>)
Non-Inj. Inj. Non-Inj. Non-Inj.
ILO <2>
( or <6=>)
Data
BBPD E/L E/L E/L
outputs \ |

T

BBPD outputs pair

EBPD outputs pair

BBPD outputs pair Phase Frequency
Inj. Non-Inj. control control
Early Early Down
Early Late Up
Late Early Down
Late Late Up

* It solves 2-point modulation problem

© 2020 DK Jeong
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Tuning Fosc & ®ing from BBPD outputs

[JSSC’16 Masuda et al.]

| DIN (10Gbps) — Capture Range 100 - .
Recewed Data w/Loop| w/o Loop Ny, —e—Internal checker
- \’%9(‘_ —+—External checker
s Capture Start Upper | +15% +3.2% <0¢ IC performance evaluated
Lower | -26% -2.6% ; \ from 60MHz to 300MHz
Received Clock divided by 80 + 210 -
: - 5
Received Clock frequency E
— ILO Final Frequency: 5GHz 2
Finish (Half Rate of 10Gbps) P
- 1 i 1 1 I T e - R
Start 2 B i, o :
N ILO Initial F 3.86GHz. = Y
~fo?” — 2 TICQUEney: 2.8 - CDR Bandwidth Comparison: :
01 1Ulpp JTOL @ 120MH=z -

0.1 1 10 100 1000
Jitter Frequency [MHz]

e
oM

« Capture range is wide enough to claim referenceless CDR
 1Ulpp JTOL @ 120MHz: very large comparing PLL-based
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Outline

 [ntroduction

« Traditional CDRs
— Analog and Digital PLL
— Pl-based CDR
— Blind oversampling CDR
— Hybrid CDR

« All-Digital CDR

© 2017 DK Jeong Topics in IC Design



CDR with Hybrid Loop Filter

 Architecture

Fi

' Integration '
' path Feedforward,
o [HIO] _ D path 1
i [y n
1 LY 1
L} N 1
[ ]

Phase-to-Digital Converter

grmmmmem e nnan. ., o I |+ j """""""""""
L Hogge| 15\ HE Analog Feedforward Hvbrl
' . i ybrid
|" D:t:!t ol _1{-'“ Path Voo
-------------- Digital Integration Path r—@«-
data In
(2.5 Gbis) el Dec ko] Accum | -4 ..IEl.. T
v
N Dic _\ ref
A~ t t digi;al
clk . clk2 clk16 settin
— gs
(25GHz) 1"~ 2 .25 Ghz) (155 MHz)
1
buffer~

— M. H. Perrot et al, “A 2.5-Gb/s multi-rate 0.25-ym CMOS clock
and date recovery circuit utilizing a hybrid analog/digital
loop filter and all-digital referenceless frequency acquisition,”
IEEE JSSC, Dec. 2006

[2] M. H. Perrot, JSSC, 2006
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Hybrid Loop Filter

« Hybrid loop filter
— Analog feed-forward path

— A charge pump I, followed by low-pass RC network with a BW
of 40MHz. (CDR BW is 1MHz)

r Integration ‘:
" path Feedforward,
: |H{ﬂ|[x_€m :
i - 1
] y ]
:. »f

Phase-to-Digital Converter

I _'_\ """"""""""

: Hogge _,_‘11-_”- Analog Feedforward

|‘:’ pet. [*1*72[i1.4 Path
% ] + )
Digital Integration Path

data In
(2.5 Ghis) Vref I
digital
[ - EEcail'F: 1
(2.5 :;:Hz'p IMIE e
puffer~ [2] M. H. Perrot, JSSC, 2006
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Hybrid Loop Filter

« Hybrid loop filter
— Digital integration path

— Decimator, digital accumulator, and low-speed sigma-delta
DAC (155MHz operation).

r Integration |r:
" path Feedforward,
-IH{ﬂI[__\ path '
i = '
] L (]
. »f

Phase-to-Digital Converter

N Y e

E Hogge Feedforward

1 Analog
|‘;’ Det. [*]=4 "'"1ﬂ.f Path

Digital Integration Path
data In

(2.5 Gbis) L] Dec |-l Accum [};A%_. I "'"_\ Vriaf I
h i’ digital

[ c cap
{I.Ec:;:H:‘p P2 ﬁ} I:1E-El-kl'l'.1|'lilz: settings
<
buffer [2] M. H. Perrot, JSSC, 2006
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CDR with Hybrid LF: Features

e Features

— Multi-rate operation with low bandwidth and high damping
factor

(62.5kHz@155Mb/s, 250kHz@622Mb/s, 1IMHz@2.5Gb/s)

— Linear phase-to-digital converter: Hogge PD and sigma-delta
ADC.

— hybrid loop filter with small area without large loop-filter
capacitor

— Hybrid VCO: LC oscillator with capacitor array and varactor

[2] M. H. Perrot, JSSC, 2006
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Conventional PDs (1)

« Conventional digital PDs and associated signals
— Alexander PD

 Bang-bang characteristic leads to highly nonlinear dynamics.

retimed
datait) e e a e mnn,

data(t)

clkit) + I datait) {_J \ I_J

e(t)

Reg  Latch -  clk(t)

o Q 0D Q
I

: 1
. eft) o
' -1

[2] M. H. Perrot, JSSC, 2006
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Conventional PDs (1)

« Conventional digital PDs and associated signals

— Linear BB PD with high oversampling ratio

 more phase information, but the increased area and power
consumption, and high clock loading

Delay  Delay Delay

data(t)

e(t)
cIk() —(~

chk(t) Ml LT Ll ImLr

-

[2] M. H. Perrot, JSSC, 2006
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Conventional PDs (3)

« Conventional analog PD and associated signal

— Hogge PD
 Linear characteristic

« But, the output is an analog signal, i.e., the pulsewidth is
proportional to the phase difference

phase

error(ty ¥ ;: ------ ;.; - :: ______ .
= data{t} >
oo LML

data{t}-f::_l ﬁ-’eumm { Dnase '. l..._

data(t)

P I t—;-rrorljt}
clk(t) M Latch = Seccccccccccccccccccccccccccanas

[2] M. H. Perrot, JSSC, 2006
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Phase-to-Digital Converter (1)

« Simplified diagram of the proposed phase-to-digital

converter

— Hogge PD + 1st-order Z-A ADC

— Linear characteristic and digital output
— Amp lowers the number of metastable events.

Hogge Detector

Continuous-Time

lpd —* é +—1- lsd i
nus i |Amp :
' DQ -E—I
VBT
i int 1
data{t}-li-‘:_l lih-'ﬁ:ﬁﬁf 51_ :
> T U I ;
elk(t) m rREg r"mh =2 clk2(t)
(2.5 GHz) (1.25 GHz)

© 2020 DK Jeong

Topics in IC Design

[2] M. H. Perrot, JSSC, 2006
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Phase-to-Digital Converter (2)

* Detailed diagram of the proposed phase-to-digital
Implementation
— Buffer compensates the clk-to-Q delay of the 1St register.

— Intermediate latch achieves equal loading for the register
and latchs feeding into XOR gates.

-"

. %

%

o

. ‘e

E "3 clntI Icint
E ““ Vbias T

. -

é tw‘a‘s¢ *Ibias

¥ *

¥ T Amp

Yoo
3}
.

., \d
Yo, . R '0‘
L . )
AT AT
* v ime
Ll data(t)
data(t) -IE{EI DQ lﬁr:l‘-til- e ph_err(t)

clk(t) m r;ea rl:l;tch rl:l;tl:h r+2 = ph_err(t)

= clk2(t)

[2] M. H. Perrot, JSSC, 2006
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CDR with Hybrid LF: Hybrid VCO

« Hybrid analog/digital VCO and its control

— Hybrid analog/digital VCO is required since the process is
an old 0.25um process.

— All-digital implementation with no varactor is attractive at
130nm and 90nm CMOS.

© 2020 DK Jeong

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

i Analog
o —p
! Digital
E g >

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

g
-
'''''''
-
L™

data(t) [Phase ot ol
o T T o O e Y e
Digital 'y
4
Freqtlle_n_cy Digital cap
Acquisition settings 2] M. H. Perrot, JSSC, 2006
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ADPLL with BB-PD

 Architecture

DIGITAL LOOP FILTER (DLF)

P. K. Hanumolu et al, “A 1.6Gbps digital clock and data
recovery circuit,” IEEE CICC, 2006.

© 2020 DK Jeong Topics in IC Design
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ADPLL with BB-PD: Architecture

« Detailed Architecture

off-chip .'QQQ“““““““““"“‘,
analog I I
serial voltage X : > Ve :
}
_data )| 410 i VCO 1
| PD = I > PDAC V |
l !
~L4 14 1 11 11,0i :
T z DSM = IDAC !
}
*MV: +1,0 14 3LSBs b e mmmmmmmo ] —:
Majority | MV SNVARS
Vote
recovered clock

— Full-rate architecture with a BB PD (Alexander PD)
— b-level DAC (PDAC+IDAC)
— Adder is operated at a quarter-rate with a decimated input

— The proportional and integral paths are split.
* It minimizes loop latency of main proportional path and dithering
jitter
Dithering Jitter ~2T 4ency'KpKpco.
[3] P. K. Hanumolu, CICC, 2006
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ADPLL with BB-PD: DLF

* Digital Loop Filter
— Proportional path

 The PD output (3-level signal: early, late, no transition) from
the BB PD is directly transferred to a current-mode DAC
(PDAC).

— Integral path

 The PD output is integrated with a 14-bit accumulator

operating at a quarter rate, after deserialization and majority
voting.

11 MSBs of the 14-bit output are truncated to 3-levels using
a 2"d-order DSM and then transferred to a current-mode
DAC (IDAC).

— Over-damped response:
PhaseChange,,,,ortionas /PhaseChange; e, > 1000

[3] P. K. Hanumolu, CICC, 2006
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ADPLL with BB-PD: DCO

 DCO: current-mode DAC + VCO
— Load resistance in delay elements is varied by DACs.
— Fine control voltage V¢ is controlled in 5 steps.
— Coarse control voltage V. is controlled off-chip.

Ve

PDAC
S 0y, YY)
Up_ / VB1—||:T\ /,

77T V4

IDAC d

pooTTTTmTTTT T T ™ /

: \\\ r\-l! ________________________________________

! \ : A AA A |

; —d Va2 \\ i Ve d g qu ngx E
dn-{>1 LN B 41X 5

L e ik o
upi ¢ I i |np—|5” I—inmi

[3] P. K. Hanumolu, CICC, 2006
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All-Digital CDR with DCO

e QOverall Architecture

data _,I PD 2(L,J,p,d£) DCO

—>
18
4(bi 17 ‘
adder & W eg 17 Z_1 17 DSM 1,9
reference
clok > Freq.Det ~ >
Freq.Lock

« D.-H.Oh et al, “A 2.8Gb/s all-digital CDR with a 10b monotonic
DCO,” IEEE, ISSCC, 2007.
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ADCDR with DCO: Features

« Overall block diagram

data _,' oD Z(gp,di) DCO

—>
18
4(bi 17
adder == W €= 17 Z'1‘17'J‘> DSM 12
reference
clogk > Freq.Det A >
Freq.Lock

— Fully-implemented ADCDR circulit.

— Wide-range DCO with 10-bit integral code.

— Full-rate architecture with a BB PD (Alexander PD).
— The proportional and integral paths are split.

[4] D.-H. Oh, ISSCC, 2007
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ADCDR with DCO: Monotonic DCO

« DCO overview

— Supply-regulated inverter-based ring oscillator with a
digitally-controlled resistor

— Resistance is controlled in a wide range.
— Split-tuned control for integral and proportional paths
— Glitch reduction scheme in a integral path

Integral word,
Phase error,
Proportional gain

- ===F3~ [~
®
+

[4] D.-H. Oh, ISSCC, 2007

© 2020 DK Jeong Topics in IC Design 19



Monotonic DCO(1)

« Digitally-Controlled Resistor
— Resistors are implemented with PMOS Transistors.

— 1024 PMOS transistors are sequentially turned on for
monotonic characteristic according to a 10-bit integral word.

— 10-bit binary code = row and column thermometer codes -
1024 thermometer codes.

Column Code 131 =32x4+3
1110 e 000 t

Row
(MSB)

Column
(LSB)

3p0D Moy

®© On
O Off

[4] D.-H. Oh, ISSCC, 2007
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Monotonic DCO(3)

* |nsert a vertical resistor between rows

— Reduce fg,, when the control code is small.

—_—— e — —

[4] D.-H. Oh, ISSCC, 2007

© 2020 DK Jeong Topics in IC Design 21



Glitchless DCO (1)

« Glitch problem

— When arow code changes, glitch can be occurred by the
delay mismatch between the row code and column code.

Column Code
Column Code / \ Column Code
1 111 e e e 1 11 1 00 0 e ¢ ¢ 00O

1 000 e e e 000

2ap0D Moy

90060666600 QN . code=96
OSSO SSES |

(row=3, column=1)

2pod Moy

Column Code
1 11 1 e e e 1 11

8p0oD Moy

000606060000 QNN
900606006 OlN
0000000000

code=128 e L ELLEEL— code=129
Z _ PO SCOSSS O Sy Q (row=4, column=1)
(row=3, column=32) :.:.:.:.:.:.:.:.:.: P ?
000000 .

row first !l  -0-0-0-0-0-0-0-0-0-0C

ot colmi=32) [4] D.-H. Oh, ISSCC, 2007
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Glitchless DCO(2)

« Glitch-less switching

— As a code increases, the column code increases when the
row 1S even, and it decreases when the row is odd

— Even rows turn on if the column code is ‘1°.
— Odd rows turn on if the column code is ‘0’.

icrrerli— >0—q

|
| eyt gyttt

© 2020 DK Jeong

le— Col[0]

e Col[1]

e Col[2]

<
o
[s]

le—Row[2]

-
-

Topics in IC Design
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“/[4] D.-H. Oh, ISSCC, 2007
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Glitchless DCO(3)

E @ On
3
O —mr— e Pmmmm e —— — —— — — — ———— ——
SRR} —— = ©Q Off r
525 =) Col[m] S
L oo coo %
Yy vy Row[2n] —L—lr |
Control code 111111110 | |
<+ Row[4]='0 —QD_ |
|

158 <«— Row[5]="0"

111111111

|
|

|
| |
I |
I |
I |
I |
I |
I |
| | :

| LY ___ 1
| Row[2n+1] —¢ :
4 MF o [Even row cell |

=N V W

=32x4 +31 <+— Row[5]=0 R I ___] ]
|
| .
| |
I I
I I
I I
I I
I I
I |
I I
I I
| |
! d

111111111 —"_I
160 <« ROW[4J="1" 3)_(1
«— Row[5]="0 Row[2n+2] _Iﬁ)—

111111110

<+— Row[4]="1'

111111100 Odd row cell

«— RowWj='1 T T T TTTTTTTTTToTTTomTTommooes

—  Only one PMOS turns on/off simultaneously.

[4] D.-H. Oh, ISSCC, 2007
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Direct Forward Path

* Proportional path is split to minimized latency
— Bit-rate speed, one gate-delay latency
— Only 2-bit accuracy:-1/0/ +1
— Directly forwarded to DCO

S=g 28
5 5 s VDD 35
Data =TT T T T T T T 7 000 00
. » 1.8 DES|—> ! I J i I
Serial : I
Data Edges — .. | O- |—PDb
» 1:8 DES | e—Row[0]
Data Samplers ! e Row1]
& Re'f:mer | ! e Row[2]
| |
! Direct |
| Forward
| Path
v
DNb l—Row[30]
s —Row[31]
L]
Recovered P

Clock N N
b0 s>

[4] D.-H. Oh, ISSCC, 2007

© 2020 DK Jeong Topics in IC Design 25




Blind Oversmpling CDR

« Architecture

Clk

:

I

&
Lr

Clock generation PLL [+——=4

K KK

{‘j‘f Serializer

Synthesized block

Deserializer

I—I"

\&
Quad 3.1256

interface |

Blind oversampling | —
latches I Digital

=
4='1
| L J

Overrun/
underr! n

| phase-tracker

| —=3ystem-clock domain

- B.-J. Lee et al, “A quad 3.125Gbps transceiver cell with all-digital data
recovery circuits”, IEEE SOVC, 2005.

© 2020 DK Jeong
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Blind Oversampling CDR

 Architecture

The receiver except sampling latches is described in HDL and
synthesized.

Performance immune to device noise and process-dependent
parameters

The receiver operates in a local-clock domain.

The frequency offset between incoming data and local clock is
compensated by controling the number of data bits recovered in a
single cycle.

[8] B.-J. Lee, SOVC, 2005
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Digital Phase Tracker (1)

* Blind oversampling receiver

— First samples the data blindly, and then extracts the phase
Information by post-processing the sampled data.

= L

M A A A A A A

Edgedetection g 6 6 h 6 6 & # b #h

Boundary determination | - - i - i
& data selection 0 ! 1 :1:' 1 !U :ﬂ:' 00 {1:1 110

Bit boundary detection in blind oversampling receiver

— 3x-oversampling with @,, @,, 9,

— Bit boundary location is found by averaging the edge-detect

information
[8] B.-J. Lee, SOVC, 2005
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Digital Phase Tracker (2)

« Oversampling ratio

— DJ and RJ in the XAUI spec: 0.55Ul

— the maximum achievable JTOL increases with higher OSR
« The maximum achievable JTOL of 3x oversampling : 0.45UI1-0.33UI =

0.12UlI

— 0.02Ul margin is too marginal (high frequency JTOL in XAUI > 0.1Ul)
— Thus, OSR of 5is chosen.

(

A

;¢’

9,

0.33u1

T [

b 9 %

it |

0.330] -
0.301
02501

|

pr.
8Jy. RHDJ
(0.55U1)

*

(2)

¥
SJH“'.*

0.45U1 ; Ideal analog CDR

fa2u

Fiz 3 (a) High-frequency JTOL of 3-x oversampling recerver, (b)

maximum achievable JTOL for various OSE.

© 2020 DK Jeong
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Digital Phase Tracker (3)

 Phase averaging window

— The larger number of phase ( X )
samples ,— litter PDF

— Sharpens the jitter PDF, T I Py
improves the correct phase T I-_--:-‘_. T T T T I T SRR
detection probability (P,) #EW et T,

— results in better receiver § . o Y
performance at the expense of §&3 " " " N, ey
more hardware resources. g2l T W T sseamewe s

gﬁ g Phase detection Averaging window size

— 50~1.50 phase s.amples are § °E robabilfies
required to achieve BER of v -

I han 1012,
ess than 10 @ ®)

Fig. 4 (a) Phase detection through phase averagmg, (b) calculated BER

versus averaging window size.

[8] B.-J. Lee, SOVC, 2005
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Digital Phase Tracker (4)

* Implementation § 2wrorzsm

— Two different voting 20-to-50 retimer —
algorithms (majority — :t:t'm”m —L
and unanimous) is used i —

. . 1st sta

— Unanimous voting Jhase averaging | | Weighted majority voting +-\5n:1u/
deduces the data phase L r— o
more effectively than [z [z ]z
majority voting. I TEETEET!

Majority ||Unanimous
voting voting

2nd stage \* Y Yy
phase averaging

Phase pointer update 1 100,312 5MHz
ﬁm.‘uﬂa‘nn]‘ Y

Fig 5 Phase tracker block diagram

[8] B.-J. Lee, SOVC, 2005
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Outline

 Introduction

 Baud-Rate CDRs
— Mueller-Miller (MM) CDR
— Sign-Sign Mueller-Muller (SS-MM) CDR
— Other Baud-Rate CDRs

2020-11-13 Topics in IC Design



What i1s Baud-Rate CDR?

 Use only one phase of CLK per bit

DATA :X X X:

+VRer :X X X:

XXX
! !

CKO CKO

@ Do not need multi-phase CLK

2020-11-13 Topics in IC Design



2x-over samp. CDR vs. Baud-Rate CDR

DATA:>< X X: DATA:X X X:

bttt
CKO  CK180 CKO  CK180 +VRer :X X X:

Multi-phase Clock _>HID_D CKO
Generation _>HID_D CK 180 -VRer :X X X:

Power-consuming blocks CKO CKO

Conventional Schemes 2x-oversampling CDR | Baud-Rate CDR (SS-MM CDR)

Sampling phases/bit 2 1
Samples/bit 2 (data + edge) 3 (data + 2 error)

Power Consumption High Low
Robustness Good Bad (depends on ISI)

> In high speed I/Os, baud-rate CDR is preferable to reduce clocking power.
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Baud-Rate CDRs

 Mueller-Muller CDR
— Requires elaborate ADC => increase complexity

« Sign-Sign Mueller-Muller CDR (SS-MM CDR)
— MM timing function can be simplified

e Other Baud-Rate CDRs

2020-11-13 Topics in IC Design



Mueller-Miuller Timing Function

<Principle of MM timing recovery> <Block diagram>

PD output

X
WD) b)) hra) - + T
Locked Condition: h(t,-T)= h(t,+T)
Early Clock: h(t-T))< h(t,+T) ) )
Late Clock: h(t,-T)> h(t,+T) Multiply x, with A,_; and assume
- independent and equiprobable data

Received signal ElzkAr—1] =Y E[Ar—i A1 h(iTy + 7)) ~ A%h(m + Tp)

E"[H = ; flmhlllf' — TFi‘T,I_-,) S|m||ar|y,
Elrp_1 Ag] ~ Ah(m — Tp)

kth sample at t=kT,+t,
T = I(L]_h + "Fk) = Z _4,-”}1’”{- — '.T'J"l}ﬂj + Tk] = Z _'—'1;‘._;|FF[:?:TE, + Tk}

ElzrAe—1 — ze-1Ax] ™ A1 + Ts) — h(m — Tv)]

[K. Mueller, TC 767]
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Sign-Sign Mueller-Muller CDR

« MM timing function can be simplified.

« Sign-Sign MM: Instead of ADC,
— Two sampled binary results: Sign(x, — A;) and Sign(x;_; — A,_1) are used.
ElzrAr-1 — me1A] m A°[h(m + Ts) — h(ne — T)]

— timing function T = xkAk_l — xk_lAk = xkAk_l — Ak Ak—l — xk_lAk + Ak Ak—l

= (X — Ap)Ag—1 — (-1 — A1) Ag
= Sign(xy — Ag)Ag—1 — Sign(x—1 — Ag—1) 4

 Note: MM timing function is valid whether transition is present or absent.
« For arising transition (Ax—1= - A A=+ Arer)s T= — Sign(xy — Ares) — Sign(xg_1 + Arey),
where Sign(x, — A.¢) is an error sampler output with ref voltage of A, and

Sign(xk—1 + Arer) iS @another error sampler output with ref voltage of —A,.¢.
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Case Study: SS-MM CDR [1/5]

ek tff t11 t11
| . : ERR=+1
| Target |
Sampling |
Point , i
0 - D VNI U SE—
| Phase Early: DN=1 —»
= Phase Late: UP=1 —————» ERR=+1
Phase Error:
AT, = DyxDn.1<(ERR; - ERRy1.1) {:" L:P DON
Phase detector »| 01010
output truth table 1]0 1
di di-1 € €1 Perr;
] R 1 -1 LATE
-1 1 1 -1 LATE
1 -1 -1 1 EARLY
-1 1 -1 1 EARLY
All other cases HOLD
2020-11-13 Topics in IC Design

VREF- Ferm Error |
:: pFF[T]S2mPler|
PO

NerP |

VREF+ / DFF | RS ___.15
DIN Data D |
CK >Samplver |

SS-MM PD updates when
data have rising or falling

transition and XORed output

of error samplers changes “0 =>
1!! or “1 => 0”.

[F. Spagna, ISSCC 10]
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Case Study: SS-MM CDR [2/5]

« Direct feedback method: select Vref or —Vref depending on the past data

:Used signal (Dpu:) to :Used signal (Dpy.) to
update phase information update phase information
for rising transition of D; for falling transition of D;
Sampler
.............................. 2 ;
D; X XX CKp :
UPIDN| :UP/DN
T T T Sampler GEN. T
CKr CK, CKp oK |
<BRPD data sampling> Sarp\pler : :
+V,.: samplers: needs PP
Whe:‘l previous data :0 CKbp L. BRPD logic :
: : <Conventional BRPD>
; a .. Low power &
1 1 ? complexitiy
g o O » Doy
=V..c samplers: needs Sampler >
when previous data :1 a
i CKp UP/DN | UP/DN
S ey O FRe GEN.
DJ“ .-"'_' _______ S, S
T T Sargpler
D
CK D . ’
oG o 0K o [Y. Kim, TCASII 18’]

<Proposed BRPD>
@ Reduce one Vg sampler => Samples/bit: 2 (data, error)

@ However, feedback loop becomes a bottleneck in high-speed operation.
2020-11-13 Topics in IC Design 9



Case Study: SS-MM CDR [3/5]

« Comparison w/ SS-MM PD Scheme

F. Spagna ISSCC 2010 M. Choi VLSI 2020

+VREg—> V Reg —> __I_— Error
Din ) Din 1 Proposed
o— K D—t ckK SS-MM PD
Data
-VREF — _'l'— Errof | Conventional _-I-_ >
Data SS-MM PD CK f
CK D

@ Simple hardware
@ Extra hardware @ Samples/bit: 2
@ Samples/bit: 3 @ Low power consumption

00
A
—-

2020-11-13 Topics in IC Design 10



Case Study: SS-MM CDR [3/5]

 Phase Detection Operation

Early
(] L) ) (] y 011
VREF A : X : VREr ;
0 feeedemiaconailone feoecien) 0 ferdemtaranesilone fecpoeeceY
P i1 /0110 : e
' ' g g
o: Early {n1 th
O: Late Sampling Phase

Proposed SS-MM PD Logic VRer

D[n-1]| D[n] |E[n-1]| E[n] [PDour : é
1 1 -1 1 Early AN l .............. b

1 1 1 -1 Late . :

All other cases Hold tn_lf th |

[M. Choi, VLSI 207 ,

2020-11-13 Topics in IC Design



Pulse Response Amplitude

Case Study: SS-MM CDR [4/5]

« SS-MM CDR with DFE

4 s(0)

MM CDR wio DFE

Equalized MM CDR w/ DFE

Late Count = Early Count

—
Phase Lock

“Unequalized” MM CDR wi/ DFE

Late Count = Early Count + « - ¢

[R. Dokania, ISSCC 157]

2020-11-13 Topics in IC Design

MM-CDR forces s(-1) = s(1)
and DFE forces s(1)=0

CDR lock shifts left
=>reduced margin

Add digital offset
proportional to DFE c(1)

12



Case Study: SS-MM CDR [4/5]

 When DFE fully cancels post-cursors with remaining pre-cursor,

Unequallzed SS-MM CDR

SBR(1)

= eye height
N

Lock point Time

[R. Dokania, ISSCC 157]

(=) Samples/bit: 3
(<) No a adaptation

(X Not optimum lock point

2020-11-13 Topics in IC Design

SBR(t)-SBR(t-1UI)-...

Proposed WA-MM CDR w/ MET

4 aEarly - (1-a)-Late = 0 (0.5<a<1)
ho Maximum eye height
Y : = Max(ho=h_,)

= SBR(t)

SBR
s
|
-y

SBR(t)-SBR(t-1UI)-...

h_q = eye height
/ SO

Optimum lock point\l Time
[M. Choi, VLSI 207]

(©) Samples/bit: 2

(©) Maximum-eye tracking
algorithm (MET) finds a
adaptively maximizing
eye height.

13



Baud-Rate CDRs

e Other Baud-Rate CDRs

2020-11-13 Topics in IC Design
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Case Study: Other Baud-Rate CDRs [1/5]

« Detect phase from 1-tap speculative DFE

Conventional Proposed
1-tap speculative DFE Do

B Sl
t{ £

BB
=

1-tap speculative DFE

:I= DH |
Din D'{ % +DDout
=

I

Y

I L-: I:gDicl' O PDou
3

-n
P>-n

CKD

« # of samplers: 2/3
« # of clock phases: 1/2

[T. Shibasaki, ISSCC 167]
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Case Study: Other Baud-Rate CDRs [1/5]

 Baud-rate phase detection

Comparator input eye Late
£ Data
£ DH decision
| DL Early-late
b detection
~—100
n n+1
Sampling phase
Early
DH - UPDN| [ e s e
n-1[n|[n+1|n=-1| n [n+1] [1:0] T Data
o 1 ]olf1|1 |- 2P AR, e DH| decision
0 DN o
---1DL | Early-late
1 0ol o1 Yo 2P e B L detection
1 DN i1 00
Other Stay

[T. Shibasaki, ISSCC 167]
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Case Study: Other Baud-Rate CDRs [1/5]

 Baud-rate phase detection

Comparator input eye Late
s °4 Early-late

DH - ‘ii’f:;f_'fft:' DH | detection
DL *iDL Data
= 100 DR e SR decision

ﬁ n-;-1
Sampling phase

DH DL UP/DN

n+1[n-1] n [n+1] [1:0] Early-late
1 o |1 1 ur

n .

1 #:--{DH| detection
0 DN

0

=011

o1 % o YP sEfi=s EH=- e de[o:):?stiaon

Other Stay

[T. Shibasaki, ISSCC 167]
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Case Study: Other Baud-Rate CDRs [2/5]

* Integration & reset based baud-rate CDR

Sampling Expected Dout
: Dout
Din=
[...,d1,1,d1,..] ‘; dif1|ds » . I I I o
CK IREREE)
(Direct sampling)
Integration Expected Vint*
Din Vint Dout
—> I ga‘l?_’ di| 1 |d1 » 9TIT?
I |
CK ‘7’—;
(Integration and reset) s *At CK rising edge

[J. Han, JSSC 17’]
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Case Study: Other Baud-Rate CDRs [2/5]

 Phase detection operation

Early Late

@error
sampling

-A A
@dithering

2020-11-13

ceeet@
x---dLev

- -e

Phase

. . Error PD
ithering s:gg:‘etr Sukput
-A 0 (-e) | Early

A 1(+e) | Early

A 0 (-e) | Late
- 1(+e) | Late

[J. Han, JSSC 17’]
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Case Study: Other Baud-Rate CDRs [3/5]

* Sub-baud-rate CDR (integration based)

Diata }(

1] X

df2] X

d[3] X

d[4]

W dE K

2% oversampling _+

R

[

R

bt

Buad-rate

Sub-baud-rats ]'

i

0 F

—

TABLE I: Summary of hardware requirements.

Architecture

2x oversampling

Mueller-Muller
( Baud-rate)

This work
(Sub-baud-rate)

# of clock phases
per symbaol

3

0.5

# of samplers per
symbaol

i

3

¥

2020-11-13

CTLE

VGA

Din

dft)

Topics in IC Design

Calibration logic

A A

CK /CKB

2 . .
Vs ; 1 -
v | T —
f ViE/ = :::
Vio = J,-
1 Ll o e ol T ; j i:‘i =
i £ .
__I_' S — A1)
i d[ke3]
1 SE

D Dout

Yy

PD logic

_..--"
=
T
<t
w
LL)
(]
=]
s
=t
w
L
i

[D. Kim, JSSC 19]
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Case Study: Other Baud-Rate CDRs [3/5]

« Recover d[4k+2] by using d[4k+1] & d[4k+3] & VF

d[4k+1]

d[4k+2]

d[4k#+4]

d[4k+3]

d[4k+5]

dey X 1T X X1 X X X
CK |
0 1U1 201 3Ul W
E I Vmy=Vs
dldk+1] | d[ak+2] | d[ak+3] [V° = [Mdit)at| Vo,
=11
1 1 1 Vg Vs 1
O
5 1b.‘r|E 10/ d[4k+2]
1 0 0 Vs 0 o> | o1 [°
0 1 1 Vs 0
0 1 0 0 Vs V= -Vs
0 0 1 Vs 0 > E_. 00
0 0 0 -2V Vs
V; = [y su(t)dt, where d[4k+2]=1 {I
=V, =ﬂ,:j| dit)dt  where d[4k+2]=0 d[4k+1] d[dk+3]
2020-11-13 Topics in IC Design

2U1
VE = j d(t)dt
0

1.5U1
v, = j d(t)dt
0.5U1

[D. Kim, JSSC 19]
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Case Study: Other Baud-Rate CDRs [3/5]

 Phase detection operation
diakH]  didke2] 4k
X va)( Vaer X Vaws! X ©c=0: Vawwt| = Vawes]
Da gmﬂ X Vaz  XVais W ©c < 0: [Vagot] > Vo] if d[4kH] # l[dk#3]
X Ve Vaz X Vaws ¢ X ®c> 0: [Vawwr] < [Vawos| if d[dk#1] # d[4k#3]

i Oc
d[4k+1] | d[4k+2] | d[4k+3] D Flh d ¢ c.t' I .
1 1 1 Mo information ase detection logic
Early, if V,E > Vg V= Vs
1 ! U | Late, i VE< Vs +1 N
1 0 1 Mo information - f *1
Earlv. TvEs Ve | VE - 1> Early
arly, TVi=>-Vs | o—¢ .
1 ’ ! Late, if VE< Vg Vy=-Vs { 0 = No info.
Early, if V,F < Vg - il 0 -1 Late
o ! 1 Late, if VE=V
2 | = =
] 1 ] Mo information d[4k+1]-d[4k+3]
Early, if VE < -V,
! 0 U] LateitvEs v, d[4k+2]
] 0 ] Mo information

[D. Kim, JSSC 19]
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Case Study: Other Baud-Rate CDRs [4/5]

« 2x half-baud-rate CDR combines the benefits of the 2x

oversampling BBPD and MMPD (robustness and power saving)
Ul: n—2 5 Ul n—1 Ul: n
Edge Center . No Sample Edge Center

) ow 4 samples in
every other Ul
0 - ---959 ----- o
v AN o On average,
% 2 samples/bit
¢l’ ‘l)l' ¢(' ¢|‘
DH: Outcome at +V,,, ED: Outcome at 0 for ¢, -0~ Comparator
DL: Outcome at —V,.., DM: Outcome at 0 for ¢,
Phase Detector
DH | DL [ ED | DM | @ Data Decoder
0 1 0 0 LATE DH | DL | DM | (D4, D,)
0 1 0 1 EARLY 0 0 0 (0, 0)
0o | 1] 1] o | e o 1 11 o (1,0)
0 ] 1]1]1 | A® o [ 1] 1 (0,1) [D. Yoo, CICC 197]
All other cases HOLD 1 1 1 (1, 1)
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Case Study: Other Baud-Rate CDRs [4/5]

 Proposed PD is less sensitive to the Vref offset and residual IS
compared to the MMPD

Conventional
Mueller-Muller PD

Proposed

2% Half-Baud-Rate PD

e e we e

J

Effect of Offeet
Average PD Output

-
-~y
el
0. . \ S0
il s 1 . - Lt
0.2F Dead Zone -
1 1 1

1
0 o2 0.4 0.6 0.8 1

—

-
—
W

rof
UL
.4'5'3'"1'-"

= 30

= d

=

&
ha

Average PD Dutput
=
Pk
T i
2
-
o
-

Average PD Output

a I'l:l 33 5"L!|
o =043, F=0.13
a =022 i=-018 /-
a =0T, =027 87
A
1 1 | 1
o} 0.2 0.4 0.6 0.8 1
Phase [UI]

=
P
T

Average PO Quiput
o

(=2
Pl
T

0.2 0.4 0.6
Phase [UI]

=]

1
0.8 1

3 e

2T

=1,

B

g7

E =i
2020-11-13
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[D. Yoo, CICC 19]
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Case Study: Other Baud-Rate CDRs [5/5]

« SSMMSE PD in PAM4

uft)

Slope Detector

¥ , i

t

CLK

PD output

dy(r)/dt, —"II:

oy(kTy + 1) |
Tri1 = Tk + Owsgn(eg )sgn ( 0Ty, ) Figure 1.12: 4-PAM eye
Table 1.1: SSMMSE PD Truth Table
Sampling Point | Error | Slope | PD decision
Farly = D(e ® s); Late = D(e & s) (Fig. 1.12) © | @)
A 0 0 Early
B 0 1 Late
D 1 0 Late
E 1 1 Early

2020-11-13

[F. Musa, ISCAS 03]
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