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Outline

Introduction and Background

- Parallel transceivers (TRXs) are becoming
mainstream |/O devices.

- Solution : Reference-less and lane-independent
phase interpolator (Pl)-based parallel bootstrap TRX

Proposed bootstrap CDR
TRX design

Measurement results

= Conclusions
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Motivation

» Parallel TRXs are becoming mainstream 1/O
devices in high-speed serial link applications.

eeeeeeeee FP

200-600 km typical 800 km

Regional / LH

Storage Networklng

= 3 major challenges are
- Decreasing power consumption
- Increasing I/O density
- Reducing the interference among lanes

- Pl-based clock and data recovery
(CDR) architecture is appropriate.
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Motivation
= VCO-based PLL = PIl-based PLL

Pl-based PLL #4
Pl-based PLL #3
Pl-based PLL #2
Pl-based PLL #1

VCO based PLL #4
VCO based PLL #3
VCO based PLL #2

VCO based PLL #1 | T;_ jj 1: I
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X
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Clock Generator PLL

Ring-VCO o
® Poor jitter performance © Power-and-area efficiency
LC-VCO © Good jitter performance

® Poor area-efficiency ~ © Robustness to interference
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Motivation

= When the reference clock signal is absent,
- Conventional Pl-based CDR designs do not have
operational independency between lanes.

Master lane

FD/ Charge 00
External PLL PFD[ | Pump [
Reference 00 r Frequency

Clock Acquisition Loop

L arge
DATA #0—] p LA PD =1 py

DATA #N —] Sub-lane N

DATA #1— DATA #N — Sub-lane 2

DATA #0 —@ DATA #2 | Sub-lane 1

DATA #1 ——»—»—p » Digital
|—> PD ™ Loop Filter )Q

- Reference-less and independent lane
operations are required.
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Solution

= Alow-power small-area 10x10 Gb/s
reference-less and lane-independent PI-
based parallel TRX

© 2015 IEEE

Entire lanes operate independently with no
reference clock signal or performance penalty

by using a bootstrap technique.
Pl output clock signals that are phase locked
to the input data are used for the VCO

frequency locking.
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Reference-less and lane-independent
parallel bootstrap CDR

= Entire lanes operate independently as in
VCO-based parallel reference-less designs.

*SRCG: Stochastic-Reference-Clock-Generator CIOCk Generator (CG)

FLL DLF

*FLL: Frequency
-Locked Loop

Div.

Data Divider | +
(SRCG path)

Clock Divider
> (Bootstrap path)

%

=IBB PD

Recovered
Clock

*BB PD: Bang-Bang Phase Detector *DLF: Digital Loop Filter
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Bootstrap CDR

= The frequency information of each lane should

be monitored continuously.

- The VCO should be neither phase nor frequency-
locked to a specific lane.

- Alow-power frequency acquisition scheme is critical.

= The bootstrap CDR
has negligible power-
and-area overhead.
- The clock divider is the Input

only addition made to
the system.

*LF: Loop Filter
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Bootstrap CDR

= [|nitial frequency acquisition: SRCG moc

*LOL: Loss-

e e X I I I xxd
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% Pl Clock -
SRCG SRCG Clock

[Inti, JSSC 2011]
[Han, TCAS-II 2012]
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Bootstrap CDR

= Bootstrap mode

e e X I I I xxd
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FLL LOL

= |LOL utilizes freg

o
FD out 1. —> : Q%%\d
Z-l ' | \(60‘

a
BW1>BW?2 > {

= MATLAB simulation results

200

— Initial VCO Frequency = 9.5GHz
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Phase noise progression

-»| SRCG pP|FDp| FLL LF

= SRCG mode i

Divider

&

Recovered Clock

—~4 —~4

's~¢|/c

o(F
s High-pass filtered
@ L *...by CDR loop

PsD S (f) (dB/Hz
PSD S, (f) (dB/Hz
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Phase noise progression

Clock
Divider =>{FDP] FLL LF

= Bootstrap mode i

Divider

ﬁ/CO

CDR LF

¢PI

Recovered Clock

VCO

L

Low-pass filtered

High-pass filtered
~_®f by CDR loop

VCO PN roor

CDR Freq
BW BW

Cleaner VCO =» Cleaner Rotator = Cleaner VCO = ..
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Phase noise progression

Clock
Divider =>{FDP] FLL LF

= Bootstrap mode i

Divider

ﬁ/CO

CDR LF

¢PI

Recovered Clock

VCO Pl

>

Low-pass filtered
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VCO PN floor
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Phase noise progression
. MATLAB S|mulat|on result

Input phase noise
—— Pl phase noise @ Bootstarp CDR is disabled
E— PI phase noise @ Bootstrap CDRis enabled
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TRX design

* 10x10Gb/s RX, 10x10Gb/s TX, 10GHz CG

10x10Gb/s =

Jittery Serial Clock DTOP
Input Data : Divider

RX CLK

Stream RX DATA

x10 I
H- o.. Rx ClOCk path CDR

DLF

Data path

4

|
10G clock
generator

10x10Gb/s i ¥

Retimed Serial «° TX clock path

Output Data /
Stream TX DATA
SST )
- <£§ w FFE 161 TX CLK
. e FIFO
e PRBS

- X 10 Gen/Chk

Timing control path

e Loopback
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RX design

Half-rate clocking scheme

EQ (10dB boosting gain) + LA (25dB gain) + 1-tap loop-unrolled
DFE

The CDR DLF adjusts the phase of the clock signal from the CG
by using two PIs.

Data Divider
(/2024)

To
CG
Clock Divider LOL out

(From CG)

X6 625MHz

£ CDR DLF =5
Data in Sampler _ BBPD + RX CLK
(10Gb/s) + 1-tap DFE |if.~* . ( A\ TX P Control”
' ———— ) e
EOEL DATA[15:0] cc.) RX DATA

Divider EDGE[?:b] RX PI Control [15:0]

5GHz tA. CML
quadrature-phase CML-to-CMOS o Divider

uadrature
-phase
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Pl design

= O-bit Pl operating at half-rate
H H

+——oOUTP OUTNo——¢

lp HE!;_I;IH In In °—||:|__|I:"—° lp QP°—||:I__|.—.I|—°QNQN°—||:I__!:"—°QP
— o O iy — o

loft loff loft loff

Icontrocl,-ll::ll_lczzontrolN Icontrorl\T'tljl_Tcontrol Qcontrgl-ltl:"_roontrolN Qcontro‘l,l;”::“_(gcontrol
uly o

O ~
_— ° o —~
.
e

Icontrol=1 QP Icontrol=1

Qcontrolzl/_ .\\QcontroI:O
7bit »~ I\ 7bit
/ \

[ LA —i il -

In |
\ P
\ !

\ U
hit N _-/bit '
Icontrol=0" = = “Icontrol=0
Qcontrol=1 Q Qcontrol=0
N

lo, Y
@ = arctan( I_)
|

[Won, JSSC 2015]

U U
5-bit Thermometer 2-bit Binary
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TX design

Half-rate clocking scheme
Source-Series-Terminated (SST) output driver

- Output swing: 0.3 Vppd to 0.9 Vppd
- Output impedance is made tunable for 50Q matching.

Tap-Gen
& Retimer Main+

N~ dli

>

TX DATA[15:0] 16:2>—¢—>2: 1> =L
1] o +

] (&

]
A |~ OouT
(10 Gh/s)

625MHz TX CLK <

TX Pl CoONtro| e———— Co-[l%[(roplll er

10GHz
CML
clock =l pivider
from CG
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Jitter measurement
= RX clock jitter (2.5 GHz)

@ Bootstrap CDR & @ Bootstrap CDR
+is disabled .. .Isenabled
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Spectra and phase noise

= VCO divided clock (2.5 GHz) = Pl divided clock (2.5 GHz)

" N S hiam ) P PPhase Noise 8.000dBJ Ref -20.004BcHz
ANCIESU o3103/2014 12:2235 o : ekt ' Carier 2,499967355 GHz _-26,4958 dBm

=1: 1 kHz -45.4322 dBc/Hz
e @ BOOtStrap CDR
is enabled

Ref Lyl Offset
0.0de

- @ Bootstrap CDR

5.0 dB ) 70,00 1 [ i
. @ Bootstrap CDR : is disabled

100 Hz IS d |S ab I ed - -86,00

-94.00
#WEW

" @ Bootstrap CDR
oo . I1senabled

Trace Count

Reference Source
Int 5td Accy
Sweep Time

10915 s

Center Freq 2500 GHz
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Spectra measurement

= VCO frequency Is equal to the average data
rate of the input signals.

VCO Divided
Clock (2.5GHz)

600ppm |600ppm
¢ PP 9; PP )

5.0 dB

SREW Lapne 1 Lane O
'z Recovered Clock Recovered Clock
VW (9.994GHz/4) (10.006{5Hz/4)

Int Std &coy

Sweep Time

10915 5
Center Freg 2.500 GHz
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Eye measurement
= TX output jitter is 0.93 pS, .

BRI Edge Samples ;

TJ(1E-12) 22 9 ps DJ(8-8) 10 1 ps RJ(rns) 930 fs :
PJ(5-8): 4.1 ps ! DDJ(p-p): 9.2 ps ! - DCD: 900 fs -
PJ(rms): 1.48 ps ISIJ(p-p) 8.4 ps
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Jitter tolerance measurement

* The transceiver passes OC-192 jitter-
tolerance specification.

107 e
'@m  ===0C-192 JTOL Mask |
- |===Equipment Limit '

| B Measurement Result |

Jitter frequency (Hz)
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Chip microphotograph and power breakdown

= 40 nm CMQOS, flip-chip packaged
RX: 0.12mm?, TX: 0.116mm?, CG: 0.3mm?

CG (6%)

[ | o= o
e o) o
o [ea 8l o
i __| I MK
A X X
F+ e b

RX Lane 9
RX Lane 8
RX Lane 7
RX Lane 6
RX Lane 5
RX Lahe 4
RX Lahe 3
RX. Lane 2
RX: Lane 1
RX Lahe 0

Total Power: 440.7 mW
Single TRX power: 41.7 mW
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Performance summary and comparison

40 nm

90 nm

0.13 um

65 nm

o9V

15V

1.2V

10V

10-parallel
8.9to 12 Gb/s

20 Gb/s (950Mb/s
operation range)

1.62 to 2.7 Gb/s

8.5to
11.5 Gb/s

Bootstrap CDR & SRCG

Pottbacker FD

Weighted-PFD

Modified Digital
Quadricorrelator

Pl-based
lane-independent Design

VCO-based
lane-independent
Design

RX: 2.03, TX: 2.13
(@ 10 x 10 Gbhls,
TX swing: 839 mV,, 4i)

7.7 (@ 20 Gb/s,
without I/0O
buffers)

8.52 (@ 2.7 Gbls,
RX only)

5.2 (@ 11.5 Gb/s,
CDR only)

RX: 0.12, TX: 0.116,
CG: 0.3

0.85 (CDR only)

0.94

0.97

0.93 ps

0.48 ps

1.57 ps

0.205 ps

9.8 MV 4irt (4.9 MV, cingle)

10 mVpp_diff

<10-13

<10-12
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Conclusion

The Pl-based bootstrap TRX for reference-less
and lane-independent operation is presented.

- The bootstrapping between the VCO and Pls
minimizes the phase noise.

Entire lanes operate independently with no reference
clock signal or performance penalty.

The proposed Pl-based architecture is suitable
for high-speed parallel interconnections.

- Area efficiency - Robustness
- Low-power consumption
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Thank You.
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Appendix
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History of Data Transmission System

Optical
MAC ASIC Module

» TX

[ v

»  TX

[

| v
10 x 10-GbE

10 x 10-GbE o TX
Blocks

[ v

Parallel Bus Serial Communication Parallel Communication
Simple structure » * Less channel resources » e Bunch of serial links

Ex) PATA, PCI * Ex) SATA, PCle

* Ex) 40G,100G Ethernet

Skew problem Package limit

ok (BGA <= 28G)
JVAVAS -
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Bootstrap CDR

* Transfer function of the bootstrap CDR

1-z*1
FD

i~ T

Phase Rotator

1
¢out :

By taking the bilinear transformation

BL+sT,12)  y(L+sT,/2)
(¢|n o ¢out) Kbbpde( S-I-0 ° + SZT;)Z

]"'@CO =@+ (1)

K
(¢out ~@Pico )aﬁcso =@Pco- (2)
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Bootstrap CDR

By substituting (2) into (1)
¢0Ut :T(S) — N(S)

&, D(s)

N (S): K bopd 9((1- 7 + TO;ﬂ]SZ +T0(7’ +ﬂ)S +7’}(NS +acho)

0
4
D(s)= NToz(Kbbpde(%+§)+l)ss+KbbdeTO(N(y+,B)+aKVCO(T°7+T°’BDSZ

4 2
+ Kpppd 0(N7’ +aKo T, (7 + ﬂ))s +aK 0 Kyeo 07

*T,: Clock period of the digital block = 1/f,

If B>a,y

Dot K popa 08
G TS+ Ky 08
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Bootstrap CDR

= Stability of the bootstrap CDR
Routh-Hurwitz criterion for stability

N (s)

D(s)=a,s® +a,s’ +a,s+a,| Do

Completed Routh table

ds

a

8; &
8, 8
&,
8, &
b O

C

do A system is stable if there
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Bootstrap CDR

N (s) !
D(s)=a,s®*+a,s’ +a,s+a, out

T T
D(s)= NTOz(Kbbpd 0, (% + g] + 1]53 + Kppa HprTo( N(y +8)+aK e [OT}/ + OTﬁjjsz
+ Kippa Opr (N7 + MKyeoTo (7 + ﬂ))s +aK 0 Kyco b &

The system is stable, when

N* K pppd epraﬂ + N oo Kyeof prTOﬁ ? + 0.5y i Kpppd KVCOHprTOZIB e\ 27ch005—|-0 >0

Therefore, the system is stable under the general condition
B>a, B>>y.
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