High-Speed Link Circuits
and Systems for Chiplet
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Introduction

What is high-speed link for Chiplet?
What is the advanced features?
Why we need it?

What is signal integrity?
The sources

The impact

CONTENTS

What is RX?
The architecture and circuit level implementation

The advanced techniques

More concerns

The examples
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m What is Interface? RS

Sound, Optical, Electricity, Cable, Magnetism, ...
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Interface
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Transmitter/ Receiver Transmitter/ Receiver
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Transmitter/ Receiver Transmitter/ Receiver
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[ Transmitter ] { Receiver ]

Wireline \
Communication -

Transmitter

Channel

Serializer > O Channel) — Equalizer

PLL (w/SSCG)

Parallel Data

Deserializer

Ref. clock
Parallel Data

Receiver
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Conventional Package
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. Quad Flat Package L d A
Dual ",]é;‘ﬁe_gj‘j‘,';age (QFP 2.0-3.6mm/LQFP 1.4mm/ a&%ﬁ%ﬂg‘y
DA BRI TQFP 1.0mm) M5 RETatEE PRl

BGA $i%
Small Outline Pack
S(l)npa/'rs(l;p /lg;o;/cvg(g;; Quad Flat No-leads Package Ball Grid Array
12 o BIHEEE - Do} AR ] LSS BRBES) £
TWH S = mVES, 155
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m Conventional Package

Separate chips

Different packages: BGA, QFN, DIP...

Long path: PCB trace, cable, wireless...

Diverse standards: HDMI, USB Type-C, LVDS, SerDes...

Parallel

)
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Serial
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Parallel or Serial?
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Parallel: Serial:
Multiple connections between chips Single connection pair

« Consumes more power « Saves power

* Bigger ICs with complex packages + Fewer pins makes compact IC

- Susceptible to EM interference * Robust EM performance

* Challenging skew balancing * Clock can be recovered from data
requirements » Adds latency

* Practically no latency

« Area - Cost!

WEmdd e @i



HESE

FUDAN UNIVERSITY

What is parallel link?

ck @Tx
; data y SO ——
Chip #1 > Chip #2 data @Tx l:l:‘:t“'{‘f(l‘:t“ A
-
clk | clk @Rx :
o I‘:“;"I,‘ Y ,'.’T: UFERRAT
daa@Rx WL NI
. |-
| '
System synchronous interface
data clk @Tx ‘ J
TARANT by KEKT
Chip #1 ek “ Chip #2 data @Tx _jlej(u&‘,(l‘,z‘. E AN
ISl e
: | |
(m)-Clkref ik R b |
- ':j,‘;\.'(,t,s.) :ﬁT.HH.‘
data @RX Iw(‘l‘/lu‘)‘y‘(‘{)n | ,’! .‘I‘l‘(‘.‘('}'i‘('.
I 1
1 k-

source synchronous interface

» Total data=data ;..*N fannel

wemy s wmuae o Example: DDR4 is parallel link



How to improve parallel data rate?
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ck @Tx |
. data ; PO S
Chip #1 > Chip #2 data @Tx :‘:“,(“%‘j(“(k E AN
Y i

|
X |
@Elk ; ; clk @Rx E |

LYV VAR Y YT T.Y,

0000 ! X0
data @Rx —1‘A_laft_¢¢’.1',*),ll’kh

A

System synchronous interface

data | ck @Tx L |
Chip #1 clk Chip #2 data @Tx x‘(“:f( E :}::)[:x::}:}::
. I
(@) Gl ck @Rx | | i
data @Rx A N
v | |3
=4 k-

source synchronous interface

1. Higher clock rate?
« TX skew 50ps, channel skew 50ps, clock jitter £50ps, RX sample 200ps

ﬁr?ﬁl\élgau %%c‘!%g%guency limit 2.5G(DDR), 1.25G(SDR)
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m How to improve parallel data rate?

2. More traces?
 Large area (IO PAD/ESD/package/cable)> cost!
« Simultaneous switching output (SSO) noise

« Crosstalk
Vee Vee
%4 %4
OFF ON
—d [ I e I
I/0 Pin t 170 Pin A
ON
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How to improve parallel data rate?

2. More traces?

- Large area—> cost! l I

 Simultaneous switching output (SSO) noise—> differential traces?
- small inductance?

cC v cC
v, Vv
OFF ~ ON
— | |
/O Pin : /O Pin ,
— 0= e <
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SERializer/DESerializer

f ¥ ( \
> 4
1 1 > >
< M
0 0 | Serializer |w— Serializer >
1 1 = 4
> >
1 1 ASIC ASIC
1[1]o[1]1]2]o]2 ol
1 1 i
[ De- De-
0 0 :—— Serializer gt | Serializer
.‘..._
<
: - >3 Multi-Gigabit
1 1 Serial line
SerDes at P

Transmit End Receive End

(PISO) (SIPO)
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m What is SerDes?

SERializer/DESerializer

ASIC

~\

Serializer

VV""V"'

De-

Serializer

R R L)

-

SerDes at

Transmit End

(PISO)

>

Serializer

Multi-Gigabit
Serial line

WEmdd e @i
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De-

Serializer

SerDes at
Receive End

(SIPO)

ASIC

) H ok
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Parallel link
« Off-chip traces> expensive ®
« Clock rate limit ®

SerDes

On-chip traces 2> convenient ©
No clock line (CDR) ©
Differential link

Equalization
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- Advanced Package (<=2mm)

« High density, Low latency
- High bandwidth, High efficiency

« Low BER, Universal
WymiE e ®miag JUNE 12th
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m What is UCle?

Alibaéazgrol.,, AMD:‘ CI l'm ﬁ ASE GROUP

Board

Members

Leaders in semiconductors, GO@gIQ Cloud m 00 Meta =. Microsoft

packaging, IP suppliers,
foundries, and cloud service

providers are joining
together to drive @!

The open chiplet ecosystem.
NVIDIA.

Qualcomon SAMSUNG

|
JOIN US! UCle 1.0 on March 2, 2022

UCle 1.1 on August 8, 2023
 Universal Chiplet Interconnect Express

« Open specification for die-to-die interconnect and serial bus
between Chiplets.

WamiE e mii g



) H ok

FUDAN UNIVERSITY

Protocol Layer

PCle 6.0 (256B Flit), CXL 3.0 (256B Flit)
CXL 2.0 (68B Flit), Streaming (raw)

FDI: Flit aware D2D interface
Die-to-Die Adapter
Protocol arbitration/muxing, CRC/Retry CRC: Cyclic redundancy check

Link management, Parameter negotiation
RDI: Raw Die-to-Die interface

Physical Layer

Link initialization, training, Power states
Lane mapping and remapping,
Scrambling, Lane reversal

| AFE: Analog front-end
Wemi X r Wi '




m What is UCle

?

Protocol Layer
(cxL.io)

Protocol Layer
(CXL.mch emem)

Protocol Layer
(cxL.io)

Protocol Layer
(O(L.cad1 emem)

) sk £
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e R B

N Arb/Mux

Stack Mux

Die-to-Die Adapter

/

(c) Two CXL stacks multinlexed inside the adapter

Multi-protocol to one adapter

D2D adapter
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What is UCle?

(2 () () () () () () sHoNoNoNoNoNoNoNoNoNoNoNe oHoeNoNoNoNoXNe

Standard
Package Package Substrate

oNoNoNoNoNoNe ) 0 ) () () () () () () (){

() () () () () O OO ) ()
Silicon Bridge 2= l_' Silicon Bridge
= Package Substrate .

| I=| |nterpaser (e g CoWoS!
00000 000000000000 B00CT 000D DD

Package Substrate

|

0D OO0 O O OO .'.'.'o'.'.'.'.'o'.'.'.. N OO0 0O O OO

e . - I o "
Silicon Bridge H Fanout interposer (e.g. FOCoS-B) H Silicon Bridge

00000 000000000000 000000000000 (

Advanced Packaginmg: Examples

Package Substrate

W2REE A (b. Packaging Options: 2D and 2.5D)



What is UCle?

Standard Package Module

Multi-die Organic Package Module

-~

Die-1

:’ Mainband )
|

—+—16 Data—"4-p
B - C|ock—zi—>
——1 Valid—»|
—+—1 Track—}-»
|
4»—16 Data—1—
€»—2 Clock—t—

|

! |
<1 Valid——

|

1 SB Clock—1»|
«1—SB Data—|—
4—:—SB Clock—';‘

Die-2

) |
Sideband )

-~ -

\&

-------- -

WrmE i ormiL g
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No lane repair

Sideband:

1. Out of channel for
link training and
interface;

Access of registers
Link management
packets

e

4. Parameter exchanges



What is UCle?

x64 and x32 Advanced Package Module

Multi-die Advanced Package Module

/

Die-1

-

Module

\.

l Malnband .

—'—64/32 Data4—>
+2 Clock—n—b
—|—1 Valid—»

—:—1 Track— P

4—‘«—64132 Data—'—
<—k—2 Clock—34—
<1 Valld—;

- . - - -

—;—SB Data—r—b

ﬁ—SB Clock—»
<«1—SB Data—}—

<—‘—SB Clock——
l

Die-2

[

\ Sldeband

a|NpoW

\

~

Cig) A2k £

/05— 200" FUDAN UNIVERSITY

1 redundant for Valid

1 redundant for Clock and Track
4 redundant for 64 Data line

(2 redundant for 32 Data line)
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What is UCle?
Valid

Valid framing example

cos / \_/ \_/ S S SN
vaid |/ \ \

Data[N-1:0][7:0] ( Data Byt N-1:0] Transfer 1 X Data By N-1:0] Transfer 2 )
< 8 Ul > < 8 Ul >
4-7. Clock gating
< Normal operation »< Clock Postamble =|: Clock Gated ” >

Valid

DatalN-1:0][7:0] DetaBye I\-|[0] Transfers

8 Ul »l
I

-
-

1. TX byte framing (data valid); 2. Clock gating (fast response or idle)
WEmE L R miLi



What is UCle?
Track
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Die-1 : i Die-2

Deskew

i
]
Data + Valid i ' Flip-
' flop FIFO |
Wil &
i A o

i
|
|
|
Data va FIFO A4 Serializer :
|
1 : :
: ' 2/4 Phases ||
! ! 16x / 64x
| |
> /N é | Phased !
|
Deskew : ' Phase
B Gen
Clock Pl a | |
PLL DLL H + X i Phase-2
DCC Bu (fCK : : N
E Track E
TXD >— 0+ RXD
Phase E i Track
Control | |
. i : J
] ]

Runtime clock retimer in RX
w2 & IR WL &

5

P



What is UCle?
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Track
Forwarded clock frequency and phase
Data rate (GT/s) CIOCk(fGrf_'(;')(fCK) Phase -1 Phase-2 (RD:CT}(S‘I’)vt)
16 90 270 Required
> 8 45 135 Required
12 90 270 Required
24
6 45 135 Required
16 8 90 270 Required
12 6 90 270 Required
8 4 90 270 Optional
4 2 90 270 Optional

Runtime clock retimer in RX

WEmE L R miLi
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m What is UCle?

Groups for different bump pitches

Advanced

Bump Pitch Minimum Frequency Expected Maximum Frequency
package (um) (GT/s) (GT/s)
Group 1: 25 - 30 4 12
Group 2: 31 - 37 4 16
Group 3: 38 - 44 4 24
Group 4: 45 - 55 4 32

Advanced package->small bump pitch-> low frequency, low power,
small area, high density

WemdE e miLd
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Parameter Advantéicé:)ackage Standard Package
Data Width (per module) 64 64 64 16 16 16 16
Data Rate (GT/s) 4/8/12 16 24/32 4-16 4/8/12 16 24/32
Power Efficiency Target (pJ/b) See Table 1-3
Latency Target (TX+RX) (UI)!
(Target upper bound) 12 12 16 12 12 12 16
Idle Exit/Entry Latency (ns)
(target upper bound) 0.5 1 1 0.5 0.5 1 1
Idle Power
(% of peak power) 15 15 15 15 15 15 15
(target upper bound)
Channel Reach (mm) 2 2 2 2-10 25 25 25
Die Edge Bandwidth Density )
Bandwidth area density )
(GB/s/mm~2) 158/316/473 631 710/947 21-85 21/42/64 85 109/145
PHY dimension width (um)3 388.8 388.8 388.8 571.5% 571.5% 571.5% 571.5%
PHY dimension Depth (um)? 1043 1043 1320 1320 1320 1540
ESD® 30V CDM (Anticipating going to 5-10V in Future.)

WymE L IR @ik &



What is UCle?

UCIe Key Performance Targets
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Energy Efficiency?
(pJ/bit)

(Supply Voltage)

0.6 (>=16 GT/s)

- Link Speed/ Advanced Package
Metric Voltage (x64) Standard Package

4 GT/s 165 28
8 GT/s 329 56

Die Edge Bandwidth 12 GT/s 494 84

Density!

(GB/s per mm) 16 GT/s 658 112
24 GT/s 988 168
32 GT/s 1317 224

0.5 (=12 GT/s) 0.5 (4 GT/s)

0.7V

1.0 (<=16 GT/s)

1.25 (32 GT/s)

0.5V
(Supply Voltage)

0.25 (<=12 GT/s)

0.5 (<=16 GT/s)

0.3 (>=16 GT/s)

0.75 (32 GT/s)

Latency Target?

<=2ns

Latency includes the latency of the Adapter and the Physical Layer (FDI to bump delay) on Tx and Rx
WEmE L R miLi



What is UCle?

Characteristics of UCIe on Standard Package
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Index

Value

Supported speeds (per Lane)

4 GT/s, 8 GT/s, 12 GT/s, 16 GT/s, 24GT/s, 32 GT/s

Bump Pitch 100 um to 130 um
Channel reach (short reach) 10 mm
Channel reach (long reach) 25 mm

Raw Bit Error Rate (BER)!

le-27 (<= 8 GT/s)

le-15 (>= 12 GT/s)

Table 1-2.

Characteristics of UCIe on Advanced Package

Index

Value

Supported speeds (per Lane)

4 GT/s, 8 GT/s, 12 GT/s, 16 GT/s, 24 GT/s, 32 GT/s

Bump pitch

25 um to 55 um

Channel reach

2 mm

Raw Bit Error Rate (BER)?!

1e-27 (<=12GT/s)

1e-15 (>=16GT/s)

WEmE L R miLi



m What is UCle?

Raw BER requirements
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Data Rate
Package Type (GT/s)
4 8 12 16 24 32
Advanced Package 1E-27 1E-27 1E-27 1E-15 1E-15 1E-15
Standard Package 1E-27 1E-27 1E-15 1E-15 1E-15 1E-15

FEC: Forward Error Correction
CRC: Cyclic Redundancy Check
Low BER but large latency

WemdE e miLd



What is UCle?

5.7 Ball-out and Channel Specification

UCle interconnect channel needs to meet the requirement of minimum rectangular eye open as
specified in Table 5-9 under channel compliance simulation conditions with noiseless and jitter-less
behavioral TX and RX models.

Figure 5-14. Example Eye diagram

=
E
Q
g
5
>
0.8 0 +0.8
Time (UI)
Table 5-9. Eye requirements
Data Rate Eye Height Eye width
(GT/s) (mV) (UI)
4,8,12,161° 40 0.75
24,321 23 40 0.65

1. Rectangular mask.
2. With equalization enabled.
3. Based on minimum Tx swing specification.

Wemi L R @i g
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1 Level 3 Level

2 Level

1 Level

mm O Level 0 Level

NRZ: 1 bit per clock cycle

00 10 01 10 11

Non-return to zero (NRZ) and pulse-amplitude modulation (PAM)
WEmEE Rl



m What is different of D2D link?

Parallel
TX RX
ICT a IC2
RX TX

Serial

OMOOomMmWw
X —
X X
P
> 5
OMoOoOOomw

UCle D2D link is Parallel or Serial?

WemdE e miLd



m What is different of D2D link?

LINK SPEED CLOCK PHASE VREF RX DESKEW
ADJUSTMENT CALIBRATION ADJUSTMENT CALIBRATION

LOGICAL LAYER

ELECTRICAL LAYER Y
( B JE —%ﬂl})r-» FIFO |
i VREF
N < DESKEW
- Il

PI M=
( Phase —
PLL P DLL (o + » Gen I -I
bCC . e W e

f f

SPEED PHASE

+—»{ FIFO Serializer X

 J

1y
D

scientific analog

Hybrid: A Parallel link with Serialized on-chip bus!

WEmEE Rl &

ig) Ak £
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TX Bus

Bus Controller

Transaction
Layer

MAC Layer

Physical coding
sublayer

Parallel to Serial
MUX

Differential
Driver

RX Bus

Bus Controller

Transaction
Layer

MAC Layer

Decode

K28.5 detect

Serial to Parallel
DeMUX

Clock recovery
Differential

Driver

Serdes connection

P E IR miLE

What is different of D2D link?

TX Bus

Bus Controller

Parallel to Serial

Differential
Dri

Bus Controller

Lane-lane de-
skew

Serial to Parallel
DeMUX

Differential
Driver

[EHRD2DHEM]

Chiplet D2D
connection



m Summary

« What is high-speed link for Chiplet?
A Parallel link with Serialized on-chip bus

« What is the advanced features?

High density, Low latency, High bandwidth, High efficiency,
Low BER, Universal
« Why does we need it?

Chiplet is a new application differ from the conventional
Parallel and Serial Links

W2myE 99 &mi &
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m (SR EOSEERER)

1CS 31.200
CCS L56

Zi N7 S S -:

T/CESA 1248—2023

NS R EOSZEARER

Technical requirements for chiplet interface bus

2023-01-13 &% 2023-02-13 SLjE

FEEBEFLIRELRRTS X6

WEmEE Rl &
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A FEIEGB/T 1. 1-2020 (HrdEAL TAES N 18045 AR SO RO S5 AR BERR 0] ) F 30 5 i

THEEA RN E T GEP LMo ARSI R AT LR A AR L R 1) 5T

AL L SRR AEACHTE FURE S

A SCA e v [ R T R BRAE AT T e AT b [ H - AR LR R P I3

SRR, o [ B BORARAEA BT E B . B O HIESRWE B A IR A F] . B8tk
LB HOE SR PN IR S o ERFE B T REORTE SO (ORISR IR A5 L 6 E BRI A
Raa] S IR =i E ) =i F R e O A IR A E L B MREMARG ARG IR A B3R (Bk
5 AIRAF] . TRMNBARUEHEIARA R FEEE GRYD ARAR . THREEFEAERAF.

AR EEREN: IV 2408 25050 250 KB BT TXldR. RIESE. PRI,
REKB. EAN BER. . 8. Wik, fLEMS. B T X% BB, 2N
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INE R AN A5

C2M

(Computing
to Memory)

%] 1

"4

C2C

(Computing to
Computing)

Y

INEREORARE AR

C210
(Computing to
I/0)

C20
(Computing to
Others)

) 12k &

2 FUDAN UNIVERSITY



(NS RO S ZEHEAER)

4.4 (RERZH

NS B R R BR R R R 2, FEAFEHIEEEHZ (Data Link Layer, DLL) . #JERi&ERD
JZ (Physical Adaptation Layer, PAL) f1¥)#)Z (Physical Layer, PHY)ZE, Jo HREA N IX H4d F o S
BB & .

HESE
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EAEEERRZ (DLL)

YIRIERE (PAL)

IR E (PHY)
YIRS FZE (PCS)
WIRRIEM INFE (PMA)

l !

™ RX

B2 RERARKREGHE

B ZIe 4 T EEIYIME4L (Initialization) « FFE 2 (Event management) « {5 B2 #f)
IRAEML (State machines) LA ZE M HLH] (Buffering) 25T fE.

WemdE e miLd
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%I "

T —— >

RikEdEe4 L

Rk BB IEN(E S =

LG e

% Bt
TN E 64 LR
HellOKR (5 S

OIS 5

TR IOE BIE 6Ty )

N ATLAr,

P E AL =

REHE S FIENAE S 4 518 163818 (19 &% 08 i I TXDQL 15 : 01 A1 1638 18 428 Ui E 48 3 ITRXDQL15: 0] , 33
ZikPEN2GT/s, 4GT/s, 6GT/s, 8GT/s, 12GT/s, 16GT/s. ¥PHYE R ZEZ4RTREE N, KHHES

& »
RIE
SR K6 LA
—— >
FOERAETEW
RiEMS(ES €
Pkt &
Bl A6 oA
C BRI S

PlORARE S

P F

I —
FRUCE oy it

‘—*—
J2CE A Y 168 1E 7Y
AT 89 % L B 40m
EMHRrESEO

——p
3% 25 Sy I

——

% R Y 1638 E (1)

I 47 . 36 % 1 e 40

ER BT ZE N

B3 IMEREOSKEAERERTMNEEROEE

NS R DS RZ R DHER RS, K, 46 (B Mg CF) RPALIASHE 5 ML
59, W () KRPHYREZEGIE 5. EISH AN MEZWUE 5 AR & ook,
PHYJZ {518 % 2R E, PHY R B R SHE 5 FEUE 5 A BT AN E o 2PHYJZR AT B R TR,

MRS S4B NTXP[3:0]. TXN[3:0] FIRXP[3:0]. RXN[3:0], @& $E N2GT/s, 4GT/s, 6GT/s, 8GT/s,
12GT/s, 16GT/s, 20GT/s, 24GT/s, 28GT/s, 32GT/s. #FhKEHBHINNFT R NE]L.

WrmE i ormiL g
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(NS RO S ZEHEAER)

AR T B A ZE 7 3 D S BEME Re R b . AHORIRFR B E R IR -

1) AR EELAX 16961, prdEdt e silalBE 150um, Soikd e ™ 6 P 55um;
2) REXELEE T BT A Y E A S 1 B R Th#E

3) IERTE[A]EFE TIERZEMEE, M TX B RX PR [A] ) ZE B A [H] ;

4) R ZAHE TX A RX RS E,

HA b A ZE A D R B M RE AR AR R MR 2. K3,

*®2 BRiniZORXEMERERER

P RE 1 SoitE 3 PRAER 3 LA
2GT/s 537.48 85.33 GT/s/mm
4 GT/s 1075 170.67 GT/s/mm
. 6 GT/s 1612.4 256 GT/s/mm
R
8 GT/s 2150 341.33 GT/s/mm
12 GT/s 3224.8 512 GT/s/mm
16 GT/s 4300 682.67 GT/s/mm
. <12 GT/s 1 1.25 pJ/bit
HE 2L .
=16 GT/s 0.75 1 pJ/bit
TX+RX H FEC@<8 GT/s 26.00 26.00 ns
vy o B TX+RX A FEC@8~16 GT/s 13.00 13.00 ns
FERA I @
TX+RX & FEC@<8 GT/s 10.00 10.00 ns
TX+RX J; FEC@8~16 GT/s 5.00 5.00 ns
- A FEC 1.00E-15 1.00E-15 A
LRCES
Jt FEC 1.00E-12 1.00E-12 -

WrmE i ormiL g
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*®3 ESEOMNXEMEEER

;15 %1 Seit a3 NEES XA
2GT/s 268.74 42.67 GT/s/mm
4 GT/s 537.5 85.33 GT/s/mm
6 GT/s 806.2 128 GT/s/mm
8 GT/s 1075 170.67 GT/s/mm
b et s 12 GT/s 1612.4 256 GT/s/mm
WRARE 16 GT/s 2150 341.33 GT/s/mm
20 GT/s 2687.5 426.65 GT/s/mm
24 GT/s 3224.8 512 GT/s/mm
28 GT/s 3762.5 597.31 GT/s/mm
32 GT/s 4300 682.67 GT/s/mm
e <12 GT/s 2 2.5 pJ/bit
HEAL -
=16 GT/s 1.5 2 pJ/bit
SERE ] TX+RX H FEC@<8 GT/s 26.00 26.00 ns
TX+RX H FEC@8~16 GT/s 13.00 13.00 ns
TX+RX H FEC@16~32 GT/s 9.00 9.00 ns
SERE TX+RX & FEC@<8 GT/s 10.00 10.00 ns
TX+RX & FEC@8~16 GT/s 5.00 5.00 ns
TX+RX & FEC@16~32 GT/s 5.00 5.00 ns
i A FEC 1.00E-15 1.00E-15 -
Jt FEC 1.00E-12 1.00E-12 -

WEmdd e @i
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st KA iR
RXDQ[15:0] LTI BT 1) i
TXDQ[15:0] i RIAETT 7] E R
RXCLKP/RXCLKN LTI BT M E S (E0)
TXCLKP/TXCLKN A RIETT R EME S ()

5.1.2 _ESHBRITR&ED
Zor AT B DS S5 £ NES.

®5 EFBTREEROGBSIE

ik %A ik
Eﬁﬁ?ﬂ] A BT BRI S (24
;ri:x[[ig]] i Rk TT BRI S ()
Sﬁg N (ATHERD) BT FRTEME S (540
&(&Iﬁ; B (AT RIETT IR EME S (25
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m (SR EOSEERER)

HFum It T, M nE R, &5®ﬁwwm:z&W&£ﬁﬁ%%wm

O 2 O Q- : Q
10 0.0 '@ - Q.O O
O { ) O ®-0- O

@
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Q.Q O 0.0 O
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® X @ vss O =Fs
® K B
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920 e
O\0.0 0090 ©
‘02020-0-0-0"
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200020-0-0-9-
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). 90.0_.60
Vecio O‘O:QO & Vecio
090%e%e%
_0_0_0
_0_0
e_0_0 =
0.0_0_0_¢
0%0%%
@ vss $.0._0_0 @ Vss
_0_0_0
e_0_0 :
0_0_0_0_«
e_0_0
20.0_0_0
$.0_0_0
_0_0_0
96%0%0%¢%¢ 3.0. 6
-0 txdata |\ 7.5‘;.5 o~ txdata ‘ Vccio
0%0%0%° % 000
_0_0_0 %
20,0.0_60 : oV
. 0.0_0_0 0_0 ss
e_0_0_0 ...
_0_.0_0_ e%e
96%6%0%" o2
0 0 0%e @® rxdata @ rxdata C () txdata
$.0,.0_.0_0 e_0
_0_0_0 ) : e_0
0%e%0%° 0-0 0 0%e®
. 0_0_0 @ & ®_0O ‘ rxdata
e_0_0_0 ‘ ) C ()
_0_.0_0_0 o_0
:.:.:.:. ® vccfwdio Q.‘.Q.Q. ' @ vccfwdio :.: ® vccfwdio
[ 2 2 2 D C ®
mw ) Fd e |
(a) TX7ED i e31 % (b) RX7ED i el % (c) TX & RXTEIH%

& 53 SLitFHE/NSRHREEENSHA
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Channel Components

Packaged SerDes

Backplane trace

Line card trace

i 1
(| Pkg \I: Line card || Line card [| Edge ||Backplane E
—r— ": trace via connector via :
[ 3 1
Tx IC i The Channel Backplane E
! 16" trace | |
A : :
{ Pkg 11 | Line card | Line card || Edge ||Backplane| i
L E trace via connector via :
b e e ——————————

Rx IC

Wy miE 9R @i [Sam Palermo, Texas A&M]



IC Package Examples RS
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e Wirebonding is most
common die attach method

e Flip-chip packaging allows
for more efficient heat
removal

e 2D solder ball array on
chip allows for more
signals and lower signal S sara L
and supply impedance

00000000

i N e e 7/ B G B [Sam Palermo, Texas A&M]



) kot

FUDAN UNIVERSITY

IC Package Model

Package Trace

Bondwires

e L ~ 1nH/mm * L ~ 0.7-1nH/mm

«Mutual L “K” *Mutual L “K"”

« C_ .~ 20fF/mm * Cpayer ~ 80-90FF/mm
couple Ceoupte ™ 40fF/mm

s

] ilﬁl‘ﬁF- —
- , e T | ¢
Feet

= - _ i e
= | =¥ | T| Kk=0s) + B
i —E_— %_— T &
& LT : (¥ | @
— | % * '+' . &

| T

= g : : .
N Land ' 5-mm Signal Trace to ‘h’iuh-gfub Lo Pac—kageh*ﬁ: [Dally]

Edge and Ball

[Sam Palermo, Texas A&M]



IC Package Model

Veep
Bondwire Trace Pin/ Land
SN AN —— -
*i*ﬁ i C e FCB packaging allows
: 7 | == | for much less chip
TiebarL,R, C
. interface imped
?o I o S Interface | pedance
o '-H::
Wirebond Package Type Flip-chip Package Type
[Intel] Electrical Parameter oa —.
- Gﬂ rr\:k 'H'P'B A 5 -
=T
<‘Bondwire/oie bump R (mohms) 126-165 | 136-188 | 114-158 2 006 T

Bondwire/Die bumpL (nH) 23-41 25-46 21-41 0.02 0.013/.
Trace R (MOTTTSrem- 1200 66 86 sos 120
Trace L (nH/cm) 4.32 342 342 3.07 2.329
Trace C (pF/em) 247 1.53 1.53 1.66 1.707
Trace Z_0 (ohms) 42 47 47 43 38.5
Pin/Land R (mohms) 20 20 0 8 20
Pin/Land L (nH) 45 45 4.0 0.75 29
Plating Trace R (mohms/cm) 1200 66 66 N/A N/A
Plating Trace L (nH/cm) 4.32 342 342 N/A N/A
Plating Trace C (pF/cm) 247 1.53 1.53 N/A N/A
Plating Trace Z_0 (ohms) 42 47 47 N/A N/A
Trace Length Range (mm) 8.83-26.25| 6.60-4264 | 441-2224 | 3.0-18.0 10.0-42.6
Plating Trace Length Range (mm) | 1.91-10.50 | 1.91-16.46 | 0.930 - 8.03 N/A N/A

WemdE e miid

[Sam Palermo, Texas A&M]



PCB

e Components soldered on
top (and bottom)

e Typical boards have 4-8
signal layers and an
equal number of power

and ground planes
Max 100 layers

e Backplanes can have
over 30 layers

Wemi L R @i g

[Sam Palermo, Texas A&M]
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PCB

e Signals typically on top and
bottom layers

Gie) M9k %

2 FUDAN UNIVERSITY

e GND/Power plane pairsand . £ ’ e
signal layer pairs alternate in s — = -
board interior et > )| (— 7N

 Typical copper trace thickness s~
* “0.50z" (17.5um) for signal layers
« “10z" (35um) for power planes

i N e e 7/ B G B [Sam Palermo, Texas A&M]
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Connectors

e Important to maintain proper differential
impedance through connector

e Crosstalk can be an issue in the connectors

22222222

F ASBS
— | adll A~

" e

.g 100 — J. \ h J).

8 | | ( S0ps Edge

g 5| \”, ‘,’ J — 32psEdge

= \ / TX/RX Noise % (Victim E4F4)

E. 0_ Edge Rawe Nolse

- S0ps

......... 100ps
2 4 1946 Q 0
Time(ns)
[Tyco] i

L]

'L@}- f:g'f‘ iy fé; x R AR LodIll FAICTTIU, 1€Xd> ACLIVI]
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Vias

e Used to connect PCB layers

® Made by dr||||ng d h0|e through Through-hole Blind Micro Hidden
the board which is plated with — U
copper '\ /'

 Pads connect to signal layers/traces
 Clearance holes avoid power planes

e Expensive in terms of signal
density and integrity | l
« Consume multiple trace tracks

- Typically lower impedance and create
“stubs”

i N e e 7/ B G B [Sam Palermo, Texas A&M]



Impact of Via Stubs at Connectors

) sk £

FUDAN UNIVERSITY

ackegediSeies Channel Responses

Backplane trace 8 0 ' : : : : :
Line card trace 3 _1 0 ........ \ ......... ........... ....... 7 ”. Des[i&toplOCionn ..... ......... -

Edge connector Q : : : : :
Via stub g ;g | S \v‘\ '§'1"7';’”Réf'i'h'é'c‘1'é#i?bdﬁh ..........................
O 20k A L L. I T T —

< S 30
\:/ 'j’L“““ \G/ Q_: 7| OO SO |- O SO . 5, 4
, /g’-GU .......................................................
//‘/ g M (| WONRRNRT SUPROU: WU SRUOOOS: SRR SRS SO - .
=l__to e 80 i i i i i i i ™
Straight Vi Backdriled O824 6 8 10 12 12 16

Via

Frequency (GHz)
e | egacy BP has default straight vias
* Creates severe nulls which kills signal integrity

e Refined BP has expensive backdrilled vias

i N e e 7/ B G B [Sam Palermo, Texas A&M]
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Ul
Qv$ l/é\p
SEYEN:
=
(S5 4 =
/9(4,-5:,1@06

E Impact of Via Stubs at Connectors

BT

————-’

ESE

EibE S BE

e

BIL

¢

>2Gbps need Backdrill

WamiE e mii g



Transmission Line Model
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z +Az
N Y
""""" & & LY Y R LT
............ 1 SO A RO > SRy O . 5 fh T T N SR
W J_ = ,
G C::::1 V(z) G C V(Z +Az) G: C:::::
R, L, v R, L, T v R L,
...... 7Y ,,‘_I\N\,_I'Y‘rﬂ : ) 7 T T (O, |
1:! Z +Az
I(z) R 1 Iz+A2)
—> —>
- - + + :
generic equivalent 4 " J_ 0 NIt "1 Rk anaide
circuit model V(Zﬁ C‘l' V(Z; Az)  represent total values
: = per section
Z z+Az

WeEmil X P @wiL & [Oregon State U]
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Transmission Line Model

Transmission Line Parameters

Cross-sectional view of typical uniform interconnects:

/AL LSS SSLSLS LSS LS SLS LSS LSS LSS LY. @

V777777

LSS LSS /S S
%

LSS LSS LSS S S S/ SSSSSS LS LSS SSSS LSS LSS LSS S S S ST /S SSLSS LSS LSS LSS LSS SSSSS S S LSS S SSSSSSL LSS LSS LSS LSS LSS LSS LSS S

Capacitance between conductors, C (F/m)
Inductance of conductor loop, L (H/m)

Resistance of conductors (conductor loss), R (€2/m)
Shunt conductance (dielectric loss), G (S/m)

mm)  R,L,G,C are specified as per-unit-length parameters

WEmEE Rl [Oregon State U]



Transmission Line Model

Propagation Speeds for
Typical Dielectrics

Dielectric Rel. Dielectric Constant | Propagation Delay time
speed per unit length
Er (cm/nsec) (ps/cm)
Polyimide 25-35 16-19 53 - 62
Silicon dioxide 3.9 15 66
Epoxy glass (PCB) 5.0 13 75
Alumina (ceramic) 9.5 10 103

WEmE & P @miLE [Oregon State U]
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Transmission Line Model

oz M9k £
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e Model Types deal

* Ideal —WA—

- Lumped C, R, L Rebine T

« RC transmission line e Lir;"“‘-TL_

« LC transmission line

* RLGC transmission line RLGC Line T

R
e Condition for LC or RLGC model (vs RC) Jo 2 ﬁ
Wire R L C >f (LC wire)
AWG24 Twisted Pair 0.082/m [ 400nH/m | 40pF/m 32kHz
PCB Trace 5Q/m | 300nH/m | 100pF/m 2.7MHz

On-Chip Min. Width M6

(0.18um CMOS node) | 0K&/m | 4uH/m | 300pF/m 1.6GHz

i N e e 7/ B G B [Sam Palermo, Texas A&M]



Transmission Line Model

RS
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Example T-Line Structures
Parallel-Plate Line Coaxial Line

. W J
ALMHbH +
g, S

AMMIMniy

C =

W \)

C=808r_ L=py—
S W

B S| g 2
Z - — RDC_
""Nee w wi
p: Resistivity

£,~ 8.85x10A-12 F/m
WEmE & P @miLE [Oregon State U]




E Frequency-Dependent Loss Mechanisms iz
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e The resistive (o) and dielectric (o) loss terms
cause a signal propagating down a transmission-
line to become attenuated with distance

V(0) V(x) .
V( x) R, Z, i Z,

N7 e_(aR+aD )x ) =€)
V(O) v v %Ro

o Resistive loss term is due to conductor skin effect
e Dielectric loss term is due to dielectric absorption

e Both terms increase with frequency, although at
different rates

WemdE e miid [Sam Palermo, Texas A&M]
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Skin Effect (Resistive Loss)

e High-frequency current density falls
off exponentially from conductor

)ik k &

2 FUDAN UNIVERSITY

surface
e Skin depth, §, is where current falls d [Dally]
by e relative to full conductor J=es  &=(nfuo)>
 Decreases proportional to For rectangular conductor:
sqrt(frequency) »
e Relevant at critical frequency f, MY
where skin depth equals half SN
conductor height (or radius) R()=Roc| 2|
 Above f resistance/loss increases T
proportional to sqrt(frequency) o = Roc ( f Jz
2Z,\ f.

WemdE e miid [Sam Palermo, Texas A&M]



Skin Effect (Resistive Loss) DAk
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100 MH2

WEmdd e @i
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How to Reduce Skin Effect?

« Reduce impedance: silver/gold-plating
« Reduce trace path and area

« Multi-small traces paralleling

F IR 4iRIEE

Wemi L R @i g
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E Dielectric Absorption (Loss)

e An alternating electric field
causes dielectric atoms to
rotate and absorb signal

tan o, =
@

energy in the form of heat | fereferodihmipiere

. . . Woven glass, epoxy resin (“FR-4") 4.7 0.035

e Dielectric loss is expressed | vos i mmsmomscemmo 5 ton -
. Woven glass, PTFE resin (Teflon) =~~~ 255 . 0.005
in terms of the loss ooy, BOMS 5 T LT R R
[Dally]

tangent
_ 27fCtan O, L/C

e Loss increases directly
proportional to frequency

2
=7f tan o, LC

WemdE e miid [Sam Palermo, Texas A&M]




RF Reflection I EVE
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________________________________

Reflection coefficient(from A to B):
ZB B ZA
L,+7Z,

I'= [-1,1]

WrmE i ormiL g



RF Reflection Ak %
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Rs = 50Q
Z, =500, t; =1ns
Ry = 50Q

in (step begins at 1ns)

source

termination

—— - T -
1 2 3 4 S
2.48ns [ S00mY time (nS)

[Sam Palermo, Texas A&M] 3>
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RF Reflection G fhak %

FUDAN UNIVERSITY

| )&00

Rs = 50Q
Z, =50Q,t; =1ns
Ry ~ o0 (1MQ)

in (step begins at 1ns)

termination

source

— I | ,
1 2 3 4 5
S00mY time (ns)

[Sam Palermo, Texas A&M]




RF Reflection Gy ok

79052007 FUDAN UNIVERSITY

Rs = 50Q
Z, =50Q,t; = 1ns
Ry = 0Q
/ Jload Jsource
125
in (step begins at 1ns)
1.0+
751
$
) source
.25+
termination
0.04———v—+—p—r—iv—i — TS SOV SR SR WS S W ——
0 1 2 3 4 S
| 1ns| 905.93my time (ns)

[Sam Palermo, Texas A&M]



RF Reflection Kk

FUDAN UNIVERSITY

Rs = 400Q
Z, =500, t; = 1ns
Ry = 600Q

1.25

in (step begins at 1ns)

1.0

vV

I

400+50

V.:IV( >0 j:O.lllV

termination 0.340
source 0.278v

600 -50

k, = — 0.846 0.205V |
600+ 50 0.411v |

kI'S — 400 _ 50 — 0.778 2 .;oamo[ 10V : ‘ time (ns) ’ !
400+ 50

[Sam Palermo, Texas A&M]



RF Reflection

k.s=0.778 k,r=0.846
0.111v x=0 x=¢
[V.;=0.111] =1 t=ins
' vs=o.:‘ : 1w \t/:ov
=2n
[0.094=0.111%0.846] V,=0.205V
— t=3
[=\g1 12_7%1 11+0.004%(1+0.778)] 30
’ t=4
[0.061758=0.073%0.846] V120,340V
t=5ns
Vs=0.388V

[V,,=0.278+0.062*(1+0.778)]

=0.38823 1) 0408=0.04824*0.846]
[V,3=0.38823+0.041*(1+0.77 vs;t==07»r4‘651v

8)]=0.4611

Wemid e mii g

t=6ns

Vy=0.429V

) H ok

FUDAN UNIVERSITY

[V,,=0.111+0.111*0.846=0.2051]

[0.0731=0.094%0.778]

[V,,=0.2051+0.073 (1+0.846)
=0.3398]

[0.04824=0.062*0.778]

[V,,=0.3398+0.048 (1+0.846)
=0.4284]

[V23=...



RF Reflection Cfhsk s

Rs = 400Q
Z, =50Q, t; = 1ns

ks=0.778 k.r=0.846
0.111v  x=0 x=( R; = 600Q
t=1ns t=1ns
- V=0V — fin — floa source
Vs=0.111V =0 ¢ Lol
t=2ns =
V;=0.205V ] ]
ca%ne in (step begins at 1ns)
Vs=0.278V =i ' ! ]
t=4ns -
Vy=0.340V Rings up to 0.6V
757 = = =
t=5ns (DC voltage division) \
Vs=0.388V e
V;=0.429V =
t=7ns —
Vs=0.461V .254
0, — v : . T r ———————

[ 12 .4ns| 1.0V time (ns)

WEmdd e @i



RF Reflection

il 53 R &Y

Reflection coefficient(from A to B):
ZB B ZA

I'= [-1,1]

L,+7Z,

WrmE i ormiL g

Ons _g
Ins _]
Ins 4
3ns
4ns
Sns |
6ns —g
ns

Sns _4

Ins

10ns_|

2)

4
V=083V ]
w\;—

VE=-0554V

—

V=037V

‘W'

VE=-0247V |

VE=-0.247V

HESE
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V10=0.83V:V20=0V
V11=0.83V:V21=0+0.83+0.83*p2=1.66V

V12=0.83+0.83+0.83*p1=1.106V:V22=1.66V

VI3=L106V:V23=1.66+(-0.554)+(-0.554%p 2)=0.552V

VI4=L106 +(-0.554)+(-0.554%p1)=0.922V: V24=0.552V

V15=0.922V:V25=0.522+0.37+0.37*p2=1.292V

V16=0.922+0.37+0.37*p1=1.045V:V26=1.292V
V17=L045V:V27=1.292+(-0.247)+(-0.247*p2)=0.798V
VIS=L045+(-0.247)+(-0.247*p1)=0.963V: V28=0.798V

V19=0.963V:V29=0.798+0.165+0.165*p2=1.128V
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RF Reflection

Voltage (V)
Voltage (V)
1.8+
TX r r ,
161 P
f RX il
144
1.2 4 11
1.
0.5 1
08
3
0.6 1
o.
044
0.2 4
-0.5 1
| | h |
0 v v v T -
0 5 10 15 20 25 30 v ¥ ¥ T T T N M N
100 110 120 130 140 150 160 170 180 190

Time (ns) .
Time (ns)

« Overshoot and Ringing

Vtermination =VS

e RLC resonance

Wemid e mii g



Termination Reflection Patterns

:lesn — fload fsource Rs — 259’ RT — 25Q :zll: — fload Jsource
krg & kry < 0
. Voltages Converge . T
754 { source / 75 ‘
2 s 1
> = source
.51 —I;,— .S-I
NENNR Rs = 25Q, RT = 100Q
termination
1 ki <0 &kr;y >0 ]
) Voltages Oscillate
'o-o - 25 5.0 75 o‘O-o o 25 5.0 7.5
— fin — fload Jsource e [ 4795,13ns 730,'];2.?\/ S time (ns)
125 Rs = 1000, RT = 25Q 12
krg >0&kry; <0
1.0 1.0
Voltages Oscillate
754 / 754
: / S
. - termination
.54 .54
source Rs = 100Q, RT = 100Q > |
| termination 1
! krs > 0 & kr; > 0 = imunnaaE
5 _ Voltages Ring Up N
0 2.5 5.0 7.5 0 25 5.0 7.5
[asssams]  Tov tme (ns) Py - time (ns) 40

WEmE L R miLi

[Sam Palermo, Texas A&M]
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Termination Reflection Patterns

e Shunt C discontinuity
~_ EsE Z,C
Zi=50Q (coqop Zo=50Q 2
g v l $s = II‘
td=1ns T % ZT= ZO ~—d,
e Series L discontinuity , =4 BEREDE R
Zo=50Q2 | =1nH Zo=50Q
> £ Mm _ o0 — =\ oo
t=1ns % Zr=Zy No| 2t
— B
Peak voltage spike |A) [ T j{ (,)} —|°: 5,
= - — | — 1—6 0
magnitude: | f

W2myE 99 &mi &

0
000000000000
tim

[Sam Palermo, Texas A&M]
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Termination ok &
e No Termination t _/‘1
- Little to absorb line energy 0- ) Zo g
- Can generate oscillating [> kis<0 < 4 l
waveform

* Line must be very short > 1T guna iy = 2RINLC

relative to signal transition time
*nN=4-6
 Limited off-chip use
poren = 20NLC
e Source Termination _|—1 ;'1—1 1
o)

0.5
« Source output takes 2 steps up I:O zooJ_ Z

« Used in moderate speed point- ; }
to-point connections

krS:O krT>0

Wymi i R @miLd [Sam Palermo, Texas A&M]



Termination

e Receiver Termination
* No reflection from receiver

« Watch out for intermediate
impedance discontinuities
 Little to absorb reflections at driver

e Double Termination

» Best configuration for min
reflections

« Reflections absorbed at both driver
and receiver

 Get half the swing relative to
single termination

Ea) sk

FUDAN UNIVERSITY

0.5
0
L

>

« Most common termination scheme

for high performance serial links
e E R wmiid

[Sam Palermo, Texas A&M]



RF Reflection

il 53 R &Y

) Ak £

2 FUDAN UNIVERSITY

Voltage (V)

TX

r— RX

Time (ns)

Reflection coefficient(from A to B):
ZB B ZA

=

Z, +z, LV

W2myE 99 &mi &



Time (ns)
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Signal Integrity Analysis
Lumped vs. Distributed Circuits

Lumped-Element Circuits:

» Physical dimensions of circuit are such that voltage
across and current through conductors connecting
elements does not vary.

» Current in two-terminal lumped circuit element does not
vary (phase change or transit time are neglected)

same current

50Q [L Ci / \\<\ ‘
|
f NYY\_|
I.\é = C) “ 50Q

lumped-element circuit

Lumped Parameter Electrical Circuit ((£2.24%%) > Z/Y-parameter

Physical dimensions (d) < < signal wavelength (A)

W2myE 99 &mi &
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Signal Integrity Analysis
Lumped vs. Distributed Circuits

Distributed Circuits:
» Current varies along conductors and elements;

* Voltage across points along conductor or within element
varies

=>» phase change or transit time cannot be neglected

Example: Rs ,%.

f = 300MHz vs() R.> 00

L _ 3x10'e

1
> 1
~ n =]

7 300x10°0 2 0 5=
current i
wavelength A i .
J —> distance

= 1 period in space

~

Distributed Parameter Electrical Circuit (97 Z&%%) > S-parameter

Physical dimensions (d) not < < signal wavelength (A)
WymE L IR @ik &
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Scattering Parameter

)19k &

FUDAN UNIVERSITY

Transmission wave

_ — 5.21
Incident wave

Reflected wave
) 2 O—— -1~ T——0°b
Port1 511 \

Port2

- */ Capacitor 522
b, O —— === O a,
Reflected wave

Incident wav
512 < |

Transmission wave

Two port network: specific reference port impedance (50o0hm)
S11: input port voltage reflection coefficient (return loss)

S21: forward voltage gain (insertion loss)

S12: reverse voltage gain (insertion loss)

S22: output port voltage reflection coefficient (return loss)



Scattering parameter

D 1h 9k £

2 FUDAN UNIVERSITY

Z0 ~— S2T A Z0

e | > |~
b1~——

— 12
= S11 S22 =
<luorrn.voltage - B norm.voltage()

amplitude amplitude

Simulation:
Cadence: Allegro PCB SI
Agilent : Advanced Design
b1\ _ (Su S ay System (ADS)
by So1 Soo as Measurement:

Network analyzer

Two port network:
S$11: (b1/a1)|,,-, smaller> better
$12: (b1/a2)|,,-0 approaching 0dB-> better
$21: (b2/a1)|,,-0 (gain) approaching 0dB-> better
S22: (b2/a2)|,1-o smaller> better
Passive network $12=521
WeramEE R @i
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Scattering parameter

0 2GRM32ER60E337MEOS
/ #In Production
20 82022/02/16
r P/N:GRM32ERG60E337MEO5 /\’ #sll
oy ey / / #DCOV 25desC series
= 40 DCOV,25degC series
Q Frequéncy18.0001l«.'1Hz / Frequency [Hz] S11[dB]
E‘ S$11:-23.44dB / 100 —-23.05951722
9 60 \I / 104. 5792151 -23. 44324079
109. 3681224 -23. 82715631
80 Jlii 114. 376324 -24. 21124013
- N 7 .
\/ 119. 6138619 —24. 59546963
1100 125. 091238 —24. 9798233
100 1k 10k 100k 1M 10M 100M 1G_ 10G 130. 8194349 —-25. 36428082
Frequency[Hz]

Ceramic capacitor:
$11=-23dB@100Hz, Mag(511)=0.0708

dB(S,,) =20log,,[Mag (S,)]=-23dB

WeEmil X P @wiL &
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Scattering parameter

Port 1 Port 2

Port 3 - > Port 4

Scattering parameters

Four port network:

$11/S22/S33/544: return loss
$12/S21/S34/543: insertion loss
S$13/S31/S24/542: near-end crosstalk (NEXT)
S$14/S41/S23/S32: far-end crosstalk (FEXT)

WemdE e miid



E Scattering parameter Ciehh ok s

FUDAN UNIVERSITY

e Why S Parameters?
* Easy to measure

* Y, Z parameters need open
and short conditions

S parameters are obtained
with nominal termination

S parameters based on
incident and reflected wave
ratio

WemdE e miid [Sam Palermo, Texas A&M]



fh 9k %

FUDAN UNIVERSITY



PHY Circuits VS

2 FUDAN UNIVERSITY

TX\

N
R

Driver CTLE

:%—
— = «—
g & | [HE—fre 0| | S -3
= S ™ 1 Wi > = =
,5:: 5 E}ﬂ—»% Channel —{z1] 2 :5

[ J

2| gio| S
I FFE Z1-p— DFE . [
f

PLL LU 1 {»o:)—» CDR or Detection }

Depend on Parallel / Serial

¥
)

WemE & R @b &

JJ

6



Channel

) H ok

FUDAN UNIVERSITY

Channel Responses Channel Impulse Responses

10k ¢ S —— 7" Desktop/0Conn

_1 0 U ........ ........... \ ...... llDe.sktoploconn. — 1?u QEﬂnEU Bp){zconn
; ' : ; : : : : : ——— 17" Legacy BP/2Conn

Do 0 LYY N

70k AT .fL.e.gac\E{.BR/.éC.qnné ........... ..

Channel Response (dB)

0 2 4 6 8 10 12 14 16 1 > 3 4 5 5
Frequency (GHz) Time (ns)

i I A e 7/ A R R [Sam Palermo, Texas A&M]
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Channel

Input Data

4]

05k ' ey . L ]

NN

o
)
(3

; 8 10 12 l 5% 4 45 & 55 & 65 7

Time (ns)

Input Data (V)
(=]

o

N

(5]
-

Impulse Response (mV)
R @

o
(%))
[
[

o
N
S

fe))

Channel Output

0.25}

-0.25¢

Output Data (V)
o

______ ;M

3 5 7 9 11 13 15
Time (ns)

We2miEE e L& [Sam Palermo, Texas A&M]



Eye Diagram VS :

FUDAN UNIVERSITY

Use a precise clock to chop the data
into equal periods

yadouenuEdtn >

overlay each period onto one plot

jitter 1 A1 1Y
g Ell J\L amplitude/

v distribution at Y-Y
[Walker] 8>

Wymi i R @miLd [Sam Palermo, Texas A&M]



Eye Diagram Y/ TEE ;

2 FUDAN UNIVERSITY

o
o
o

L

,)“

— -
o o
- o

=
-
o

.
.

— |

Eye diagrams are a layered view of every bit transition combination

Wymi i R &L [Keysight]
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Eye Diagram

_I TR - > A

’06 Illll IIII II lllllllll III 1 VA =T e & 1?'!—:"::!_!".,] 08 10 12 Ar=tx 4 U il 05 T s |}
) v v

AL

! e iy o . = Tine (x10%:9Ys
50 63 75 tate] 100 113 125 138 150

WeramEE R @i [Keysight]



Eye Diagram

Bit Period

Amplityide

Dne Level

Ssing
hge

4ero Level
|

Rise Time Fall Time

Wy miE 9R @i [ON Semiconductor]
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Eye Diagram Cie) fhok

7905200 FUDAN UNIVERSITY

Non-ideal Real-Time Eye

Real Time Eye
21685620 UI




Eye Diagram

Min 1.00 UI

(Small Levels

One Level 11.67 mV

Zero Level 5.22 mV

Poor SNR .)' "':'-:-'iliilz

Noise: voltage detection error

WrmE i ormiL g

x 3.00 Ul

4690 %

[Anritsul]

N
v,;,'v(z.f.«d-'?:& Sy

.

.

R, S
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A
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Eye Diagram

0%

__Level 1__
One

Quality Factor = (Levell — Level0) / (1Sigmal + 1Sigma0)

Wymi L R&miLE [SiFFSFRRIGOL]



Eye Diagram Capihok %

. o 905-2002 FUDAN UNIVERSITY
Non-ideal Real-Time Eye

Real Time Eye
21685620 UI
5204 Wfm

Jitter:

® The deviation of the significant instances of a signal from their ideal locations in time

® Random lJitter (unbounded, rms jitter) /Deterministic Jitter(Bounded, Peak-to-Peak jitter)

[Keysight]



Deterministic Jitter

) H ok

FUDAN UNIVERSITY

|deal Location in Time (Reference)

Earl Transition
arly / Instant
seeesesessetiioseessssisibesescscussrenssesesanlios heeeffee ............................ ThreShOId
Late
0 1

Peak-to-peak jitter = Jpp = Atz pr + Al 1o pi

Deterministic Jitter:
predictable and repeatable behavior

Wymi i R &L [Keysight]
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Deterministic Jitter

Peak-to-Peak

77
PUBETIOOSORGBALONNANNAONDREISERLNNIDNORLUECHEADERIADHELORNONSARROLVANBDI0DHEUONEDS

Q I 1 | 1 | I I
o I | | | I I
v 1 | 1 | I I
) I I 1 1 1 1
L o L 2 ____ B i mn s Lo ___ 4_____ | JT S Waeen: o = = _o__ _ __ ) S
1 | | |
1 | } I
| | | |
— 1 | [ |
2 MH-bd-voo oo T TN | ranc o I R
1 —_ | | 1
o | IH'.I | | |
E 1 ; | | |
= | | | I |
! (Y TR N PRS (| B (S N I [
I [ |" | | |
Q | (I | | |
o | 0 I [ I
o I l ) | I |
n 18 VYRS NN RN TR G SR
Frequency (Hz) 106.20M/d'x 108206

i N i B e A 7 B K B A [EEEERIGOL]



RMS lJitter

Jitter and the Real-Time Eye

Single
Transition
(0to1) Ideal Transition Time

J Unit Interval

< 7>

Many Overlaid Transitions 1.
(0to 1and 1 to 0) | | %
|‘_ Jpp _'| \

| |deal Sampling Point

Probability Density Function Histogram (PDF)

HESE

FUDAN UNIVERSITY

Random Jitter & Gaussian distribution
Thermal noise, flicker noise or shot noise

Wymi i R &L [Keysight]
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Jitter

Jitter Components

Total Jitter (TJ)

Bounded Unbounded

A
Random Jitter S

(RJ)

Deterministic

Jitter (DJ)
* DDJ : Data Dependent Jitter

Uncorrelated with
Data (BUJ)

Correlated with Data
(DDJ) « BUJ : Bounded Uncorrelated

Jitter

ABUJ : Aperiodic Bounded
Uncorrected Jitter

Settling Time Crosstalk
. Non Linear
Reflections Crosstalk
Non Flat Freq One-Time
Response Event

WeramEE R @i [Keysight]



Jitter PDF VT ;
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Periodic Jitter
o —

BOUNDED € >
Deterministic .| Data-Dependent
Jitter (DJ) W Jitter (DDJ) a1 4 DDJ
Total Jitter \_,| Duty-Cycle Jitter B5eb
) (DCD) . [ Een

_| Random Jitter /\ RJ

(RJ) 2l°F QI RI€0)

W2mEE e il g [EEFSEBRIGOL]



Dual-Dirac Model I EVE 2

FUDAN UNIVERSITY

< L, | )’ ()
[5(I—I&)+5(x—ﬂx)] ﬁaﬂl{ F)—m[ﬂ!{ ?]*‘ﬂ!{ ?)]

\
x )\ = /j‘\ JA

Hp

Hi Hp
Dual-Dirac DJ Gaussian RJ

Figure 1: The dual-Dirac jitter distribution. In (a) the DJ and RJ distributions and, in (b),

their convolution.

WEmyx R @i & [Tektronix]



Dual-Dirac Model Gig) 1A 94 £

FUDAN UNIVERSITY

Dual Dirac Model

7 N Total Jitter

=

2

8 Random \1 Random
~ model model
approximates P approximates
measurement | measurement

pa 2 1 - : i N

- time error H Deterministic H + time error”

Jitter (DJ)

WemiE R wiLe [Keysight] JUNE 12t



Dual-Dirac Model Y/ ERE ]

2 FUDAN UNIVERSITY

o0 X
BER(x) = p, | PDF(x')dx'+ p, | PDF(x'-T)dx
X —o0
pr is the logic transition density (i.e., the ratio of the number of transitions to the number of bits)

RJ(00) = o and DJ(00) = ur — 1. BER | Osen
Qg IS a constant 0™ 63
107 ] 6.7
10" 17.0
107 | 7.4
107 7.7
WEmid R miL g [Tektronix]



Dual-Dirac Model I EVE 2

FUDAN UNIVERSITY

fn [ Vew lete Uiies Agpicoon  Hap DO) W ey s .!I‘ R Wi Mare. .v-[
Bl s [(e] N7 DI £ JA W] 2| i | mcgsate [+
_'J_' I'Al =

Pdasamiifi ¥ (3]
Chm mowrss Poas |

BIR|LJA RIO| Moo icasn [~ = [

Bl L

fo o= v e e MR [y v o] B romearias for b= ~ B vae = _.:jm N

1IN et Foumebowm | ol 4 PDF
& P l.l;\).,{.,' Woiiig | Acqmoe [ wom 2] tiglF e 1 | TOTAL JITTER
- =y T T
BER Bathtub o 1 R o
= 1 T
70 | @
s o z | i =
o S (I = = =1 =
[T . o 4 I 3 Bor 1 o
Wl D 4 2 w ' By A 3] / | w
oo b S eveorening SRS
PYCSIE TN o [ “ | (=)
“ox e l X .'
- - 12 : — '
— 10 F . >
Y 1
0 0.5T T
~ N
e ne me] KOG Jom s LEFT EDGE EYE CLOSURE RIGHT ED/E| S7E G LIS RE
AT 10E-12 BER AT {0E12 BER

Figure 2: An eye diagram with, (a) no jitter, (b) dual-Dirac DJ, (¢) RJ and dual-Dirac DJ,
and (d) bathtub plot, BER(x).

[Tektronix] [& RSB RIGOL]



Eye Diagram

Bit Period

Amplityide

Dne Level

Ssing
hge

4ero Level
|

Rise Time Fall Time

Wy miE 9R @i [ON Semiconductor]
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Eye Diagram

.JL _— -l e ey A ———

Crossmg % = 50%

Crossmg % = 25% Time ‘1’ < Time ‘0’

[Anritsu]



Voltage (V)

Wemi L R @i g

10h0
Time (ps)

2000

Eye Diagrams vs Data Rate

N
o o

Channel Frequency Response

0 2 4 6 8

Voltage (V)

1;0 12 14 16
Frequency (GHz)

2Gb/s Eye

5Gb/s Eye

Voltage (V)

0 200 400 600 800 1000 ) 100 200 300 400
Time (ps) Time (ps)

[Sam Palermo, Texas A&M]
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Eye Diagrams vs Data Rate

Channel Responses

o o 4
o O O O

Channel Response (dB)
A
o

0 2 4 éé1o1'21'416
Frequency (GHz)
Refined BP 5Gb/s Eye

Legacy BP 5Gb/s Eye

Desktop 5Gb/s Eye

> e s

@ @ @

(@)} (@)} (@)

[ [ ©

- — - — e

(o] O O

> . > > .

"0 100 200 300 400 ~o 100 200 300 400
Time (ps)

Time (ps)

WymE & e mia g [Sam Palermo, Texas A&M]



Inter-Symbol Interference (ISI) % Haks

e Previous bits residual state can distort the current bit,
resulting in inter-symbol interference (ISI)

e ISI is caused by

 Reflections, Channel resonances, Channel loss (dispersion)

Legacy BP SGb/s Pulse Response Legacy BP 5Gb/s Pulse Response

—

©

©ooo
~ 0o

©coo0o0o0
N WO A~ O O

01k .

PP Diff Voltage (V)

3 4 3-2-1 01 2 3 4 5 6 7 8 9 10
i Time (UI)

——

We®mE & e miaE [Sam Palermo, Texas A&M]



Inter-Symbol Interference (ISI)

e At channel input (TX output), eye diagram is
wide open

e As data pulses propagate through channel, they
experience dispersion and have significant ISI
« Result is a closed eye at channel output (RX input)

Iy?UT Packaged SerDes

Se0mMBATA - RAND_ Tx.500mVpd AGC Galn -6.0298 ' ~
X2 - NoNE AGC 5.03Hz 0.0008 4 ~
m_“Fps-w.TEau-ﬁcsws:s:c;-m._..........l.........i‘ “\\ B k I t
o : - : | ~-.E aCkplane trace
~
~

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

Line card trace~~. _

Wymi i R @miLd [Sam Palermo, Texas A&M]
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Voltage (V)

LT L

Inter-Symbol Interference (ISI)

Channel Responses

1OGbIs Pulse Responses

.......... —* [& DEsk‘top/OConn

—3¥ 17" Refined BP/2Conn |:
: ¥ 17" Legacy BP/2Conn |:

A

m 0 1
3_10 .\\ ,,,,,,,,, 7""0@5”0')[00501'"\ X1 4 ; 0.9F

Q N : S 0.8

2 -20r 17" Refined BP/2Conn 8, 0.7

o n - ]; : |

8“ 0 5 ) : ; %

O -40F __.._17_....‘L.cgdcy.Bsz_z_C_onr_x__._ . >

@ _sof e

Q 60+ ; 5

c - 3

= o

@ -/0}

£ 80 i i H i H i H : n- :
O824 6 & 10 12 14 16 R a—

Frequency (GHz)

10Gb/s Eye - Desktop Channel

10Gb/s Eye - Refined BP Channel

Voltage (V)

80 100 120 140 160 180 200

Time (ps)

0 20 40 60

& 7)WL

c\s‘

100 120 140 160 180 200

2.0 4.0 S.C' 8‘0
Time (ps)

Voltage (V)

1 2 3 4 §5 6 7

Time (Ul)

10Gb/s Eye - Legacy BP Channel

i

Time (ps)

[Sam Palermo, Texas A&M]
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PHY Circuits VS
f|\ \ 0
_.x L :% Driver CTLE "®_’f_l" {4_
=7 B | la e Vb [£ g
E: § g}; Channel W1<7|_Z_'l| g :Q?é
W w2 ¢} =
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PLL TXCLK T » }—+{CDR or Detection




PHY Circuits VS

2 FUDAN UNIVERSITY

X
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RX Continuous-Time Linear Equalizer

e Passive R-C (or L) can implement Channel Response w/RX CTLEE

high-pass transfer function to
compensate for channel loss

- - N

e Cancel both precursor and long-tail
ISI

Channel Response (dB)

. . =30} Channel
e Can be purely passive or combined Y oY
with an amplifier to provide gain X i 10 50
Frequency (GHz)
Passive CTLE [ Active CTLE
Vot Vo
Dln _| l_Din+

WEmE L R miLi [Sam Palermo, Texas A&M]



E RX Continuous-Time Linear Equalizer

ok &

FUDAN UNIVERSITY

Uy
SEE)
(S5 %

/905720(3‘3

e Passive structures offer excellent linearity,
but no gain at Nyquist frequency

[Hanumolu]

W2myE 99 &mi &

RC,” ' RR,

11 1

C +C,
R1+R2( +C)

-~

, HF gain = .
R +R, C, +C,

HF gain ®, R +R, C

DCgain . R, C+C,

DC gain =

Peaking =

[Sam Palermo, Texas A&M]
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RX Continuous-Time Linear Equalizer

e Input amplifier with RC

degeneration can provide o
frequency peaking with gain &t | [ 1o
at Nyquist frequency ozttt sl ~
e Potentially limited by gain- i I
. - v Cs @ ©pt ©p2
bandwidth of amplifier ?Y
- - - 1
o Amplifier must be designed (s)— & *TRC,
for input linear range C, (Hungs/zJ[ 1 J
« Often TX eq. provides some RsCs oG
low frequency attenuation wZ:RIC’ , a)m:%, wp2=R1C
* Sensitive to PVT variations . 0
ain = —="——, Ideal peak gain=g R,
and can be hard to tune N g ry 2 TR
o Generally limited to 1st-order 1deal Peaking ~ ST PSSR _ oty g o
gain @,

compensation
i N e e 7/ B G B [Sam Palermo, Texas A&M]
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E RX Continuous-Time Linear Equalizer

Channel Response w/ RX CTLE Eq

HESE

FUDAN UNIVERSITY

- - N
o OO OO
T T T T T

TRt

Vo+ - — Vo'

Din- [

hannel Response (dB)

Channel

wi RX CTLE Eq

.35|| ——RXCTLE
o Pros

10 50

1
Frequency (GHz)
* Provides gain and
ea‘:laliz&a‘t%n W?th low 6Gb/s Eye - Refined BP Channel w/No Eq 6Gb/s Eye - Refined BP Channel w/ RXCTLE ]
0.5 T T T T T T 0.5 T T T T T T
power and area
overhead
+ (Can cancel both pre- = =~
cursor and long-tail ISI = =
Do o
¢ Cons < <
* Generally limited to 1st 2 - 9 -0
order compensation 0.3 0.
« Amplifies noise/crosstalk -° P -0.4f
° PVT senSiﬁVity "0.55 50 100 . 150 200 250 300 0.5 50 T00 . 150 200 250 300
- Can be hard to tune Time (ps) Time (ps)

WrmE i ormiL g

[Sam Palermo, Texas A&M]
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E RX Continuous-Time Linear Equalizer

e Tune degeneration resistor and capacitor to adjust zero
frequency and 1st pole which sets peaking and DC gain

e Increasing C; moves zero and  *°

1st pole to a lower frequency  _ 2-

w/o impacting (ideal) peaking fgjo_

O Y

e Increasing R moves zero to 4 ]

lower frequency and increases 0.001 001 0 1 1020

. . Freq (GHz)
peaking (lowers DC gain)
e Minimal impact on 15t pole 5 = _l+g,R)2

.= , @
° RC,S ™ RC,

Wymi i R @miLd [Sam Palermo, Texas A&M]
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RX FIR Equalization

Analog Delay Elements

D. ! z1 > eee —| z1 z1

W, Wo Wh
o Pros (2 )— Dgq
. I!Ygll: fsl':t]ﬁ:éerlrc':ty(::)(')?\al:?l:: {l?a'}: 2’r ‘I::?lla‘nampm:y Eye-Pattern Diagrams at 1Gb/s on CAT5¢&¥

attenuate low frequencies)

« Can cancel ISI in pre-cursor and beyond
filter span

« Filter tap coefficients can be adaptively
tuned without any back-channel

e Cons
« Amplifies noise/crosstalk Eﬂ
|

- Implementation of analog delays

« Tap precision e

ARSI AT REEG SR ) AT NS SESRI TE e )
Before Equalizer: 23meters After Equalizer 23meters

*D. Hernandez-Garduno and J. Silva-Martinez, "A CMOS 1Gb/s 5-Tap Transversal Equalizer based on 3-Order Delay Cells,"
ISSCC. 2007. 11

i A N 7/ B R R A [Sam Palermo, Texas A&M]



RX Analog FIR Equalization
e 5-tap equalizer with tap spacing of T,/2
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| —0
MsH M4 }——lEAM s c 1 |;= +
Voul-01—- i 5 o Vout X | gmat— ) Vout
C 2 | B c 1=
ki e
AM——4p V”I“
Ri R R Ri v~o—| CMFB
31 lg " Fioating Inductor Emulator and Active Load
[ M3 M3 |}
Vin-
e | W coverter e 1Gb/s experlmental results
C X c,f& c, X cy X
VV;: ) m& Da:luc;m(::l Df:ymc: | e de e 1) 100mVidiv _ |_200ps/div
r=0/2 | r=T,/2 r=7,1/2 =T,/ P

SO T | §ET | STV RENRS) N SIS T | T | I | S0V AT N | 5
Before Equalizer: 23meters After Equalizer: 23meters

D. Hernandez-Garduno and J. Silva-Martinez, "A CMOS 1Gb/s 5-Tap Transversal Equalizer based on 3-Order Delay Cells,"
ISSCC, 2007.

WymEE weRmiaLE [Sam Palermo, Texas A&M]



RX Digital FIR Equalization

e Digitize the input signal with high-speed low/medium
resolution ADC and perform equalization in digital domain
« Digital delays, multipliers, adders
« Limited to ADC resolution

e Power can be high due to very fast ADC and digital filters

) Ak £

2 FUDAN UNIVERSITY

p :
§

RX
[Hanumolu] ¢ _
E.r-'n.\cx«mm.ﬁummm- RN A i, m—-m""‘@"’TDELAY

Wymi i R @miLd [Sam Palermo, Texas A&M]
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H RX Digital FIR Equalization

Analogue ' Digital o
verifier
(test)
FFE / DFE
‘ l Output
; Data data
> J?i@ » Equalizer " dlicer . ® >
— RX ! ’ Recovered
Clock
s 2
RXP RX B u
_’T inati —& - Track & ] 6.2565/s ol
ermination| Hold (*2 ADC (%2 » oc
RXN | & optional . 2) —™1 Recovery [ ¥
*lattenuation > l ] ]
4 '
-9
Loss of
A A st Loss of signal
Range : =
Adiust ——@——»  Signal >
e Indicat
(AGC) ndicator
Loopback
from TX I )

» 12.5GS/s 4.5-bit Flash ADC in 65nm CMOS [Harwood ISSCC 2007]
» 2-tap FFE & 5-tap DFE
» XCVR power (inc. TX) = 330mW, Analog = 245mW, Digital = 85mW

i A N 7/ B R R A [Sam Palermo, Texas A&M]



TX Driver VS ;

7905200 FUDAN UNIVERSITY

- @ Channel N
X - = 5> RX
data »| -2 > data
—> (?) >
LP J Timing
ref clk —» PLL Recovery

« Driving/Equalization/Termination

« Techniques:
« Swing enhancement techniques,
« Impedance control
« Pad bandwidth extension

- Slew-rate control
We®mE & e miaE [Sam Palermo, Texas A&M]



TX Single-Ended Driver

e Finite supply impedance
causes significant
Simultaneous Switching ﬂ
Output (SSO) noise

(xtalk) '
ﬂgﬂ,@

e Necessitates large

amounts of decoupling {:

capacitance for supplies
and reference voltage

« Decap limits I/O area more V+?
that circuitry

WrmE i ormiL g

—m_(

e

)

"

AYAY

{:{,-"“—e)

al
E

[Sam Palermo, Texas A&M]




TX Differential Driver

%TE
] y1p
] —:

[Sidiropoulos]
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o A difference between voltage or current is sent between
two lines

e Requires 2x signal lines relative to single-ended signaling,
but less return pins

e Advantages

« Signal is self-referenced

« Can achieve twice the signal swing
« Rejects common-mode noise

« Return current is ideally only DC

Wymi i R @miLd [Sam Palermo, Texas A&M]



50Q2 driver output impedance

Controlled-Impedance Drivers

HESE

FUDAN UNIVERSITY

e Signal integrity considerations (min. reflections) requires

e To produce an output drive voltage
« Current-mode drivers use Norton-equivalent parallel termination

« Easier to control output impedance

 Voltage-mode drivers use Thevenin-equivalent series

termination

 Potentially 2 to V4 the current for a given output swing

/\/n

vsz 2vsz__| q
*
‘D°_| D+
D-

Current-Mode

] __°
4
Voltage-Mode

[Sam Palermo, Texas A&M]
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Current-Mode Logic (CML) Driver

VDD : : VDD

R=zo%ll/z

Vao=-(1/2)(R) =-IR/2

e Used in most high performance serial links

e Low voltage operation relative to push-pull driver
e High output common-mode keeps current source saturated

e Can use DC or AC coupling

e AC coupling requires data coding
e Differential pp RX swing is £IR/2 with double termination

We®mE & e miaE [Sam Palermo, Texas A&M]



Current-Mode Logic (CML) Driver

Single-Ended Termination
Vay=(I/2)R
Vio=-/2)R
% o:—%+ Vi = IR
R=Zo _Vq

HESE

FUDAN UNIVERSITY

--------------- I = Vd’Pp

R=2Z, R

Differential Termination
Vay=(I/4)2R)
} ................ Vio=—(1/4)2R)
% 2R=27, _v: Va P = =IR
Rz Y I = V(;;’P

Wymi i R @miLd [Sam Palermo, Texas A&M]



Voltage-Mode Driver

Single-Ended Termination

R=Z, Z

Vai= (Vs /2)
Vio=-(/2)
Vapp =Vs
I=(7,/2R)

I = Vd,pp
2R

Var=(5/2)
Vio=—{Vs/2)

7 — 1/
Id,pp _Is

1=(V,/4R)

I = Vd,pp

4R

[Sam Palermo, Texas A&M]
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Current-Mode vs Voltage-Mode

Driver/Termination

Current Level

Normalized Current Level

Current-Mode/SE Vi o/ Zo 1x
Current-Mode/Diff Va,po/ Zo 1x
Voltage-Mode/SE Vi oo/ 22y 0.5x
Voltage-Mode/Diff Va,oo/ 420 0.25x

e An ideal voltage-mode driver with differential RX
termination enables a potential 4x reduction in

driver power

e Actual driver power levels also depend on
 Output impedance control

 Pre-driver power

 Equalization implementation

W2myE 99 &mi &

[Sam Palermo, Texas A&M]
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E RX Linear Equalization

e Linear RX equalizers don't discriminate between
signal, noise, and cross-talk

« While signal-to-distortion (ISI) ratio is improved, SNR

remains unchanged
A
Linear Equalizer ___..-==""
g e
% ________ Enhanced
o | e _ Noise
O | .- Equalized Channel ..
s Y~
= B ——
) N e
2 S
">
P ~
..... -~ ~
------ : - Channel
________ Noise T~
o~ ~=z---  [Hall]
~>
f[GHZ]

Wymi i R @miLd [Sam Palermo, Texas A&M]



E RX Decision Feedback Equalizer

TX FIR
Equalization

Drx[N:0]

}\Seniu.zer /
]

|
TX Clk
Generation

(PLL)

Channel

A

S

>

RX CTLE + DFE
Equalization

7{)eserialize\

RX Clk
Recovery
(CDR/Fwd CIk)

[Sam Palermo, Texas A&M]
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)ano%;

&

20

Drx[N:0]



E RX Decision Feedback Equalizer Y AR ]
e DFE is a non-linear 2=y —Wdia =W i)~ W, dis
equalizer

e Slicer makes a symbol Y«
decision, i.e.
guantizes input

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

-

e ISI is then directly
subtracted from the
incoming signal via a
feedback FIR filter

'..................
- -
L. E 2 TR EEREOTERCTET

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

Wymi i R @miLd [Sam Palermo, Texas A&M]
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RX Decision Feedback Equalizer

Refined BP Channel 6Gb/s Pulse Responses

05r . .
: : _ —¥ No Eq
04b i e ...|T* 2-TapDFE
S 0.3}
[0)
o 0.2
8
O 0.1
>
0
W, _0'1 L i i i . L i i . N
» Pros 3-2-10 123 45867
* No noise and crosstalk Time (Ul)
ampiication 6Gb/s Eye - Refined BP Channel w/No Eq  6Gb/s Eye - Refined BP Channel w/ RX DFE E
. FiIteBtapdooefﬁclients d pam NN W N0 g S e e e e w 1
can be adaptively tune .
without any back- 0.
channel S S .
: 0.
» Cons 50 S
) )
+ Cannot cancel pre- = -0 = .0
cursor ISI S 0.2 9 -o.
+ Critical feedback timing 0.3 0.
paﬂ'\ 0.4 -0.
. Timing Qf ISI . -0.55 50 100 .1‘50 200 250 300 -0.55 50 100 .1'50 200 250 300
subtraction complicates Time (ps) Time (ps)
CDR phase detection

Track the history bits and predict the current condition then subtraction
Wemi X wE WL [Sam Palermo, Texas A&M]



RX Decision Feedback Equalizer

Summer Quantizer

Data +
B Iml
Source Channel -1 - — | e—a
(bandwidth limited)

“H1

— H2
[Liu ISSCC 2009]
M H1

— H2
—.-‘ L.—.—.—.—.—

e DFE with 2-tap FIR filter in feedback will
only cancel ISI of the first two post-cursors

Wymi i R @miLd [Sam Palermo, Texas A&M]



RX Decision Feedback Equalizer

1.2

6dB@DC | v 1f g Main

; ; S .,/ Qi cursor

. _ S osr |
&S 06
o
o 04
»n
8. 0.2

25 1 1 1 1 09 1 '
0 o, 4 5 8 10 0 2 4 b 8 10
Frequency (GH2) [Liu ISSCC 2009] t (Ul)

e A DFE with FIR feedback requires many taps to cancel ISI

e Smooth channel long-tail ISI can be approximated as
exponentially decaying
e Examples include on-chip wires and silicon carrier wires

We®mE & e miaE [Sam Palermo, Texas A&M]
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RX Decision Feedback Equalizer

DFE summer CLK Latch

[Liu ISSCC 2009] DN + Vse —|_ Dourt
' _ Main cursor ' | a_ A

—h N

o
[ux]
T

o
(a7}
T

o o
N e

9 T T

Impulse Response

o
(N

b lIR filter

e Large 1st post-cursor H1 is canceled with normal FIR
feedback tap

e Smooth long tail ISI from 2nd post-cursor and beyond is
canceled with low-pass IIR feedback filter

e Note: channel needs to be smooth (not many reflections) in
order for this approach to work well g

We®mE & e miaE [Sam Palermo, Texas A&M]
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TX Feed Forward Equalizer

For 10Gbps : W (z)=-0.131+0.595z" —0.274z"

Input Pulse w/ 3Tap TX Eq

vvvvvvvvvvvv

TX
data

1 H H No Eq
3Tap TXEqQ

0.8}

I

o
»

o
)

PP Diff Voltage (V)

in
L

oA 0123456780910

Time (ns)
17" Refined Server 10Gb/s Pulse Response
W=[-0.131 0.595 -0.274] 04 ——

0.35¢

o
[2)

Low Frequency Response (Sum Taps)
I 1 1 .]¢[-0.131 0.595 -0274]=[.. 0.190 0.190 0.190 ..]

0.25¢

o
)

0.15¢

PP Diff Voltage (V)
=]

Nyquist Frequency Response (Sum Taps w/ Alternating Polarity) 0'02‘

[. -1 1 -1 .]#[-0.131 0595 -0274]=[.. 1 -1 1 .] 005
Time (UI)

pre and main cursors with tap coefficients to emphasis the main cursor

i I A e 7/ A R R [Sam Palermo, Texas A&M]
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TX Feed Forward Equalizer

For 10Gbps : W(z)=-0.131+0.595z"" - 0.274z">

o W.1q
Channel Response w/ TX FIR Eq
5 T T - T T T T v T
o e B e T 3 1
data ' 1 I NG
© -5t
v
21 J W3 ! s -10r
§-15-
z! »| W2 @ -20}
R e e—
: M 2 -28 (Tinen |
° . g_30. ........... .
z! > >J g -35} g»nraanpni: Eq
W ol . . . . i |
_ = =) 0 1 2 3 4 5 6 7 8 9 10
W(z)=-0.131+0.595z"" - 0.274z Frequency (GHz)

W 2= = cos(2T,)+ jsin(24fT,)

Low Frequency Response ( f= 0)
z=cos(0)+ jsin(0)=1=W(f =0)=0.190 = —14.4dB

Nyquist Frequency Response[ f= —J

: 1
z= )+ jsin(r)=—-1=>W| f=
cos(r )+ jsin(r) (f 7

s

J:—I:OdB

o Equalizer has 14.4dB of frequency peaking  Note: Ts=Tb=100ps
 Attenuates DC at -14.4dB and passes Nyquist frequency at 0dB

pre and main cursors with tap coefficients to emphasis the main cursor

We®mE & e miaE [Sam Palermo, Texas A&M]
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TX Feed Forward Equalizer
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Emphasis: FillE&E (pre-emphasis)Fl1ENNE (de-emphasis)

pre-emphasis: compensate the high-frequency loss

de-emphasis: reduce mid-low frequency swing
WEmE L R miLi
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TX Feed Forward Equalizer

avit

cl 9
x|K] E; 2
: 2 e~ a1 5
piso —4»| z >> Il% b yIk] = y[k] = E CnX[k" n]

Yz
X[z] [z] txn -,

Post

n
- z! P 7' [Pt e Y[Z]

; Hlz] = Xz - Co+Cz7t +Coz7?

Figl. tx/i bmHE &

Use more de-emphasis: reduce amplitude, saving power, reduce Electromagnetic Interference

No decision, compensation with the signal amplitude

WEmE L R miLi
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TX Feed Forward Equalizer

= x|kl ¢0.x]k-1|
XK =P pre > {E3 > yIK] . A
; ' cl.x|k]
S | TX
N L m
EUE| T : : :
—3 %iﬁ—)‘x —» v[k| ! : : ;
#7 | FFE : . > . §
x[K] ' '\ﬁ.xlkﬂ]
04 =, 1 v - - ,-l.,No,YE.li » 4
0.35} }
S 03 :
g 025
% 0.2
> 0.15}
=
a 0.1t
Q- 0.05
0
-0.05

T3-2-10 1 2.345678910
T|me (Ul) NEY: Hilpesdsiilab

WemdE e miLd



TX Feed Forward Equalizer Ce) ok &
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w/o TX FFE

w/ TX FFE

ot 11tho0g 1

)
6 TSN i
-~ . g E]
m_, . " 4 < ' ;
| . .« 4
» o
0-0 e R |
J £ ,%“. ‘A8 y M
| > ") . i » » % :
) 1 \ : -
W A ]
400 ) . .
'1 J U ozqm-"ﬁvwrrrﬂ'ﬂTrﬂ'rrﬁ'ﬁ"Wﬁ"
—

0 LY 2 x ey = €0 70 30

o J0 L N B L L L L LA B B

‘ High pass filter in TX
WHymEE RmiLE [Edadoc]

tme, psec



TX Equalization

. Channel Response w/ TX FIR Eq 6Gb/s Pulse Responses 6Gb/s Pulse Responses
m 20 : on DT : HEERAH i i L S R EE TR P R L S n:u ulse 1+ . : H n"u ise .
2 :2 Sosp [ ] B T S e npupuse |
° < osl || P < osloo ]
5l 0.7
2 ol S 06 S 06
S 8 8
B 10 >° >°
o -15F . .
|| S e = =
O osf...ioiiiiii a o a o
C .30 Channel : [ PO | ol
O 5 TXFR b b R XN LD a a
O gl IXFRE) ; ol i A S S S N oAl
43 1 10 50 V40 2 4 6 & 10 12 14 16 18 20 2 0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz) Time (Ul) Time (Ul)
e Pros
«  Simple to implement ?g;b/s Eye- R'ef‘me('l BP (?hanngl w/ No Eq 6(0;218 Eye'- Ref!ined I'EP Ch'annell w/ T).( FIR Eq
« Can cancel ISI in pre- O SO S P AN S SRS SN S A
cursor and beyond filter 03
span - S 0.2
 Doesn’t amplify noise 7 o
* Can achieve 5-6bit ¥ ¥ oo
resolution = -0
S S
e Cons - 0.3}
° Attenuates |0W : 7 - _04. .......... ............ ............. ............ ........
frequency Conte_nt_du_e -0:35 50 100 . 150 200 250 300 -0-53 50 100 150 200 250 300
to peak-power limitation Time (ps) Time (ps)

III

+ Need a “back-channe
to tune filter taps

WME®mE & P @i & [Sam Palermo, Texas A&M]



