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Motivation

m Global network traffic will grow 3-fold from 2013 to 2018.

m Global data center traffic will also triple from 2012 to 2017.

GROWTH IN THE

CLOUD

132
EB

Global data center traffic is projected to triple between
2012 and 2017, with data center traffic specifically in the
cloud forecast to grow nearly fivefold during that period.
66
EB 7.7 ZB —_——
Total
Data Center Traffic
By 2017, 69% of global
2.6 ZB ‘@ data center traffic will come
Total from cloud services and
Data Center Traffic . .
applications.
. Traditional Data
Center Traffic
0

2013 2014 2015 2016 2017 2018 Cloud Data Center

Traffic
( By 2018 total traffic will be 3 times larger than 2013. ? 1 zettabyte (ZB) is equal to sextillion
bytes, or a trillion gigabytes.
Monthly Traffic Units  Legend  *Cisco VNI, June 2014

Reference : [Cisco VNI Global Forecast, 2014]
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Motivation

m High speed SerDes applications.

Computer System
— High speed %

PCle, QPI
SATA, DDR

‘ Trends » — Low power %

Communication Consumer
Network \Electronics

— Equalization v

Ethernet,
InfiniBand

USB2.0&3.C

* Focus of this work

m New standards require over 40 Gb/s data rate
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cw 8 - . i SAS - nriniban S
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m Transmitter Design
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Transmitter-FFE Implementations

—Ip FFalplo FF afplo FF @
A A A
$ d

Full-Rate CI&@,
D

out
Full-Rate Data

Maximum operation speed is
limited by the ck-to-q delay. (-I?.

IDI1:|nut

(1) Narrow Operation Range
(2) Susceptible to PVT variations

CKin
@_,Dm (1) Wide Operation Range
(2) Relaxed Timing Margin
(3) Robust Operation
Operation speed is limited by the
Dinn N:1 MUX
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Transmitter-Timing Constrains
(1) Critical Path Timing

ftdi"/:;ck_ﬁset/t:lp tdiv+ tck-q'l'tsetup<1 Ul
~ (2) Selection Margin
L $ ; -
PH180 \ 7 \ /_
D1 ; D1<n> ; x ; D1<n+1> !
) tsetup ) E&l}old
D2 i X E D2<n> E X

Dout x X D1<n> x D2<n> X D1<n+1> x

e
 tsetup* thoa = 1UI 8123



Transmitter-Final 4:1 MUX |

Quarter-Rate Clock

Half-Rate Clock

-— (1) Manually Calibration

(2) Calibration Loop
Dnut
Full-Rate Data
] cmos
Quarter-Rate Data Half-Rate Data . CML

Drawbacks
(1) Additional Area Occupation and Power Consumption
(2) Robustness Degradation
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Transmitter-Final 4:1 MUX Il

CKin

Duut
Full-Rate Data

Advantages
(1)Remove the 2:1 Critical Path

(2)Increased Selection Margin
(2) Half the Clock Speed
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Half-Rate Clock Pmsu"—\ L i F
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Dout ][ l im;im-wimm]i{mm}w

tsetup"' thold = 3UI |
Disadvantage

(1) Doubled Self-Loading Drain
Capacitances Limit the

Maximum Operation Speed
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Transmitter-Conceptional 4:1 MUX

C
CK2| PHO CcK3 | PH90 ° CK4 | PH180 E’cm PH270

Unit Unit Unit Unit
° Cell | © Cell Cell Cell
DON/ D1N/P| D2N/ D3N/

Splitting ANDing and sampling operations is preferred for
multiple-MUX-based FFE because the ANDing stage can be
shared among the multiple MUXs to save area and power

11/23
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Transmitter-Unit Cells

1
Combined ANDing CKin2 |,
and Sampling 1

CKin 1 0—

Stacked Devices o
Limit Bandwdith  Din |

Combined ANDing
and Sampling

Unavailable

CKin 1 0—4—

l qut

J

Sharing Dn° } °_|>°_
]
1

l lou

Din ]

CKin,E o

J l Inut
and Sampling

Separate ANDing

Charge Sharing
Effect

CKin.1 o
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Combined ANDing
and Sampling

Remove the
Intermediate

Inverter
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Transmitter-Proposed Unit Cell

VOP
Forward DON

Coupling

VOP| nmi3 N4 | VON

CKO Charge
xH » Sharing

O
DON I—T:IM1 NM2 Iﬁlg

Clock-up Structure

Introduce PM1/PM2 to form
inverters to always pre-charge
or pre-discharge nodes X/Y.

Proposed Unit Cell
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Improved 4:1 MUX-behavior

1.5 ] VT(OUTP) VT(X) __ ;pgdeusﬁti

= “
Remain at low state fl W/O pM
- /
1

1.5 [ VT(OUTP) VTX

Pre-charge N Ith .
toVDDg /"’ © giite w/i PM

1.5-J VT(CKO) VT(DON)
E \ Input Data
_— | and CLK

0 : d

Optimization on high-level glitches
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Improved 4:1 MUX-behavior

1.54 VT(OUTP) VT(X)  siowdown |
, the rising edge

1.54 VT(OUTP) VT(X) |

< _ 1 L2~ 7
0 rising edge

1.5+ VT(CKO) VT(DON) !

E Input Data
_— and CLK
u —

Optimization on edge-transitions
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Transmitter-lmproved 4:1 MUX-behavior

No visible glitch

N
AN

Jitter:0.3ps

Without PM With PM

Bandwidth enhancement

m Glitch elimination improves the noise margin to allow a lower swing.

m The pre-charge of capacitances at nodes X/Y allows large-size NM1/NM2.
Large-size NM1/NM2 allows to reduce NM3/NM4 (clock transistors).

m Added PMs help to pull-up output, speeding up edge transition.
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Pesudo-NAND2 implementation

m By removing PM2, output capacitance can be reduced.

m Similar realization of pseudo-NAND and inverter
mitigates the delay mismatch.

= An abutment layout approach is employed to reduce
parasitic capacitance at node X.
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Transmitter Architecture

————————————————————————————————————
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Shunt-peaked Data Path

load

: Dynamic latch
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Bonding

wire ECML driver

25% duty-cycle clocks™

Multi-Clock Gen.
. CMOS logic

m Quarter-rate architecture (3Ul timing margin, quarter -rate clock)
Problem: Limited bandwidth of the 4:1 MUX; Solution: Improve the 4:1 MUX

= Multi-MUX based 4-tap FFE (Accurate 1Ul, small area, wide range)
m Problem: 16 data streams generation. Solution :Interleaving Latch array
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Die Micrograph
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Channel profile

15.00

10.00

5.00

0.00

-5.00

-10.00

-15.00

-20.00

-25.00

-30.00

-35.00
1

B 21 LogM 5.000dB/ -10.0dB

2.50D GHz -1.85 dB
20,000 GHz -10.46 dB
25.00D GH= -12.26 dB

-1.

.

H'-.
___*' -1 0
: 12
_ ~ o
]
Ch1PtAvg =5

>Ch1: Start 10,0000 MHz — Stop 36.0000 GHz

m Channel profile including bonding wire, PCB trace,
SMA connector and connection cable.
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Measured eye-diagrams

soa 150 mV/ (0.0 V

~ )
et | (a) 5Gb/s with EQ 150mv/|40ps

73 Wfms

L
=
15
53
3
<
o
o
<

641.637 kUl

7 Wfms
Ve
L i

e (D) 40Gb/s with EQ  1o0my] sps

seal [ednIon | seaw aw

150 mv

150 mv
300 mv

450 mv

600 mV
-200 ps -160 ps -120 ps -80 ps
(Zoour Joour )@ 0|
Jiter/NOiSe
%) Results  (Measure All Edges)

. - - - A % Y 4
Channel 2-4 500 fs DDJpp 3373 ps Edge Direction _ Both | 3 @L m ; V 702 ps
| =\

Spectral 3314 ps DCD 1.09 ps Measurement  TIE (Phase) 12 [ © Eyejit RMS(1-3) 2 > 430fs

5.000062 Gb/s iti 18.990549 M ISipp 3373 ps S| © EyeWidth(1-3)  1672ps Data Rate 4000012 Gb/s Transitions 320790k ISIpp 645 ps

Pattern Length 508 bits 160 fs DDPWS 6.74 ps IS| © EyeHeight(1-3)  1445mV Pattem Length 508 bits. PJrms 40fs DDPWS 423ps
TH1E-12) 4022 ps 700fs Clock Recovery _ Second Order £ THIE-12) 990 ps PS5 250fs Clock Recovery _ Second Order
Waveform Window. i ____ Waveform Window 1

o 100 mV/ J).V/i&)im\r.li‘o [

Frema (G i 0 V 475 gbﬁoowﬁ [Saomv @8] ; . e ;
armecr | (G 50Gb/s Wlt v m | pl — ( d) 50Gb/s with EQ 100\ 4o

w
-3
)
El
<
]

4.31500 MUI
37 Wfms

Sea| [BDIUIA | SeaW Wil
seap ma:ua/\lseaw

. . TJ=10.58

Jitter/Noise ” —_— —
Results_ (Measure All Effeer= : : Ll

[ Source = ; |
RIMethod  Spectral : DCo

Data Rate 4999294 Gb/s

Pattern Length  Arbitrary (-1, 1)

THIE12) 1058 ps Edae Direction

esults (Measure All Edges) —— T — ’ e - —
;| Source Function 1 THIE12)  2755ps 1SIpp 00s
RJ Method Spectral Rimswide 167 ps Clock Recovery  Second Order
Data Rate 49.98823 Gb/s DISS 538 ps Edge Direction  Both
Pattem Length  Arbitrary (-1, 1) Transitions 188685k Measurement  TIE (Phase)

Bio-Inspired Neural System and Models Tsinghua University, Beijing, China




Power breakdown

Clock
Latch Arra Conditioner 20 mW
11mW CML Divider | 13 mW
PRBS Gen

CML to CMOS | 10 mW

Clock Buffers | 10 mW
Pesudo-AND2 | 20 mW

mW

Total Power= 156 mW
m MUXs only occupy 14.1%.
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Performance Summary and Comparison

This work

Reference ISSCC’14 [1] ISSCC’15[2] | JSSC’15 [3]
Technology (nm) 635 635 14 635
Supply (V) 1.2 [.2 N/A 1.2
Data Rate (Gb/s) 5-50 60 16-40 50-64
Chip Area( mm?) 1.2 x 0.5 2.1 x1.0 [0.215x 0.13|1.2 x 1.0
FFE 4-tap N/A 4-tap 4-tap
[Ul-delay Gen. Multi-MUX N/A Multi-MUX | LC-delay
MUX Type 4:1 2:1 4:1 4:1
Data Jitter (0.23@40Gb/s 0.33@28Gb/s

)
RJ (pSrms) 0.18@50Gb/s 1.O8@30Gb/s 0.51@40Gb/s N/A
Data Jitter (ps) 10.72@28Gb/s
TJ (BER=1le-12) N/A 12.89@40Gb/s N/A
Power (mW) 450 518 199
Energy Efficiency 75 129 31

(pJ/bit)

m Palmary jitter performance and power efficiency
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m Recelver Design
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Conventional CDR Architecture
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€ PI nonlinearity
(1) DNL caused by non-uniformity of step size

(2) INLcansed by.data.sampling. clock drift 5[99



Improved CDR Architecture
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Working Principle of BBPD

L Edge Sampling
determines the
values of E/L

Data Sampling
serves as
judging reference

Data Edge Data
Sampling Sampling Sampling

Introduce LPFs show little effect
on loop parameters.
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Effects of Introduced LPF on NTF
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a(f): noise transfer function from A to V(D).
Hg(f): noise transfer function from B to V(D).

/\ /fo_ Hc(f): noise transfer function from C to V(D).
H H_ (D
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Improved CDR Architecture
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Improved CDR Architecture
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Improved CDR Architecture

@ . 0+ Recovered clock jitter [S—
2
E Edge-sampling clock Jitter Jitter
a without LPFs tracking [Suppression

-10 —
~—~ 5.0+ Recovered clock jitter v L
o
> )
1o Data-sampling clock
a with LPFs

o 1“ - ] -
E 30~ Injected jitter on input clock L
— Frequency=500K
E‘l Amplitude=1UIpp

_.; g_JT!-andwiﬂi:h control code (Decimal) 1

"Large
Bandwidth
Small Bandwidth
-4-.“ T T ™ 1 I T L T I T T T T I T T T T I T T ™ 1 I T L T I T T T T
1.0 1.29 1.57 1.86 214 243 271 3.0
time us)

Properties of the adaptive-bandwidth jitter suppression.
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Phase Transfer Characteristics

135 : -
arctan(C 2%y 0<a<1/2 PIB o0
112.5 6 Mol or®
o 1/2 oo’
arctan(a )+£ 1/2<a<l P
[2—a 2

Phase (degree)

0 16 3 48 64 80 06 112 128
Phase code

Theoretically, phase deviations are smaller than 0.17°
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Phase-Compensating Pl Implementation
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Phase-Compensating Pl
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Simulation results of phase-compensating PI.

Seminar: Bio-Inspired Neural System and Models Tsinghua University, Beijing, China 34/23



250pm

Die Micrograph and Power Breakdown
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m Fabricated in TSMC 65nm CMOS process
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Measured Recovered Clock Jitter
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Performance Summary and Comparison

PERFORMANCE SUMMARY AND COMPARISON.

JSSC’15[3] | JSSC’14[10] This work
Technology (nm) 28 22 635
Supply (V) 1.1/0.85 1.07 1.2
Data Rate (Gb/s) 40 4-32 40
Multi-phase Clock Gen. DLL+PIs | MCDLL+PIs DIV2+PIs
Jitter Suppression Split-path CDR N/A Adaptive-BW LPFs
JTOL Amplitude (UI) 0.2@80MHz |0.2@40MHz| 0.41@100MHz
JTOL Bandwidth (MHz) 10 20" 20
Chip Area (mm?) 0.81/lane™* 0.079/lane 0.15
Power (mW) 630*1 79.6411 159

*Estimated from jitter tolerance results, ** Area of whole transceiver
*TIncluding FFE+DFE equalization, TTIncluding RXFFE

m Palmary jitter tolerance at high frequency
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m Adaptive Equalization
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Equalization Scheme

Manually Calibrated )/- /
------------------- i y
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FFE Adaptively Adjusted - -

DFE is ruled out here, mainly because of its operation
speed limitation, complicated implementation, and
significant power consumption.
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Previous Adaptation Algorithm

X - Vi t/i; Xk : - Vi d,
:3—>‘ Equalizer I > ©__0—>| Equalizer [
__________ Coefficient] Eye

. LMS __[Adaptation] e MEO Scanning | Monitor

7ZF < Algorithm

__________

m LMS requires additional samplers to detect the signed errors
between the equalized and expected eye heights.

m Traditional ZF needs an extra ADC to convert the equalized
output voltages into digital codes.

m MEO requests an even more complicated eye monitor,
involving threshold-adjusting samplers, phase-adjusting Pls,
micro-controller, and measurement software.
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Developed Edge-Data Correlation

Based S-ZF
E(n-1) E(n) E(n+1)
e« o o« X b2 X Din-1) X D) X D(n+1) X D(n#2) X_e o o
ResCor.1(n)
ResCory(n)
/
ResCori(n)
g: ResCor(n)
(a)
D(n-7 )@ E(n) | D(n)® D(n+1) ResCor;1(n) ResCor;0(n)
0 0 0 0
1 0 0 0
0 1 0 1
1 1 1 1

Note: The signed ResCor(n) is represented by two bits: ResCor;1(n) and ResCon0(n).
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Developed Edge-Data Correlation
Based S-ZF

Slat 1 {+1’n! _1}
D(n+1) = Correlation ¢—yp| D1<30> 4 16-bit | Truncation | § ,.| Range | 6-bit \ Vbias,u_,
t /; 2
E(n) y| Detector 4 } méﬁi}der 77| Integrator | Output [ 7 '| Limiter | DAC

X

T Reséor.ﬂn

-
+ -
D{n-1}——'| Correlation “::/J};nkiuader A"’ 16-bit | Truncation| ¢ ,.| Range | 6-bit \ Vbias,a;

y| Detector 7 oo<z:0> Integrator | OQutput | 7 °| Limiter | DAC >

z S ResCor4(n) T
o/
{+1,0,-1) * .

D(n-2) —— Correlation y /r pm‘iﬂé‘ 4 4, | 16-bit | Truncation _;L’ Range | 6-bit \ Vbias,a,

y| Detector oo ' [ 77| Integrator |  Output Limiter | DAC

T | ResC
g((::ln .. e 7}’ BW<1:0>

a(k+ 1) =ay(k) — A signle(k)] - D(k—1),(l = —1,0,1,2)
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Developed Edge-Data Correlation
Based S-ZF
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Derivation of the Edge-Data
Correlation Based S-ZF
Correlation coefficient should be zero

ﬁe,d =Ca=0

A A A ~ A T
Pe,d = (Pe,d(—1), Pe,a(0), Pe.a(l), Pe.a(2))

T
X = (Of—lr o, ey, Of?)

[

Cos C—p5 C-15 6—2.5\

\ G35 C25 Ci5  Cos )
Recursive equation

alk+1) = a(k)-\Ca(k) = a(k)— Apea(k)
a(k+1)=aik)— X-signle(k)]- D(k—1),(l =—1,0,1,2)45/23



Measurement Setup
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Measurement Results
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Adaptively-adjusted bias voltages of the
TX-FFE with different RX-CTLE control
voltages.
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Transmitter Far-end Eyediagrams

(c) o (d)
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QOutline

m Conclusion
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Conclusion and Main Techniques

m This paper implements a 40-Gb/s TX and RX chipset over a >16-dB loss PCB
channel using a 65-nm CMOS process.

m The TX utilizes a bandwidth-enhanced 4:1 MUX and an interleaved-retiming
latch array to obtain wide operation range, high power efficiency, and small area
occupation.

= By introducing bandwidth-adaptively adjusting LPFs into the clock path for data
sampling, the CDR achieves high performance on both low-frequency jitter
tracking and high-frequency jitter suppression. A TA-based compensating Pl is
designed to optimize the Pl linearity.

m A combined TX-FFE and RX-CTLE is employed to compensate for the channel
loss, where a low-cost edge-data correlation-based S-ZF adaptation algorithm is
proposed to automatically adjust the TX-FFE’s tap weights.
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Thanks for your attention.

Email: zhengxugiang@mail.tsinghua.edu.cn
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