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personal purpose only.

TeraBit Solutions Limited www.terabitsolutions.com

x Recent High Speed Signal Standards Trend

S SR -W’f"s"“"’ -
USB,
usB 31 z

10Gbps 2014 PC Peripherals
3.0 5Gbps 2008 PC Peripherals PCI ~
S
EXPRESS
PCl Express 4.0 16GT/s 2014 Chip to Chip,
——
: : JEDEC
30 8GT/s 2010 Chip to Chip, Card
SERIAI
- - P L=
DDR 4 ~3200MT/s 2014 Chip to Chip, DIMM ‘ . I X
L. H
El ~2133MT/s 2007 Chip to Chip, DIMM
SATA 32 16Gbps 2013 Storage
3.0 6Gbps 2009 Storage
HDMI 20 6Gbps 2013 Multimedia(Disp lay)
14 3.4Gbps 2009 Multimedia(Disp lay)

MIPI M-PHY 5.8Gbps 2011 Mobile, Chip to Chip -
D-PHY 1.5Gbps 2009 Mobile, Chip to Chip Q OIF

Ethernet IEEE802.3bq 40Gbps 2013 TF Backplane, Server
* Transfer ofEEESQRBLHNly 25Gbps 2011 TF for copper Backplane, Server
*Max .Data rate on a Single channel (40Gb/s&100Gb/
son 4lane)
Tera w.terabitsolutions.com
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x What is “High Speed”?

Here, We have basic Questions;

Q: Why do we care about the High Speed/Frequency
Signal?

Q: How fast Data rate or Clock Frequency is the “High
Speed Signal”?
100MHz Clock? 1Gbps Data?

TeraBit Solutions Limited www.terabitsolutions.com

x Basic Terms... on Digital Signal

Period / Frequency

Fundamental (harmonic) Frequency Clock
BPS (Bit per Second); Mbps, Gb/s

T/s (Transfer per Second); MT/s, GT/s
Ul (Unit Interval)

Duty cycle

Rise Time D?ta

Edge

TeraBit Solutions Limited www.terabitsolutions.com

2015-04-10



x Rise Time and Length of Transmission Line

* Edge Speed

+ Time Delay
(Propagation Delay, Electrical Length)

Trzl?lise Time T .@ Rx

: Td

rj 6inch / 1ns (@FR-4 PCB)

CaseA = Td <Tr

CaseB  ammmmmes” Td>Tr

« Starting point of Signal Integrity consideration
« Eg. 100MHz Clock.

TeraBit Solutions Limited www.terabitsolutions.com

x Rise Time and Length of Transmission Line

Signal @ Receiver

Without Proper High Speed Design
(Zo=700hm, Ry iver=100hm)

<
3
]
R Td of Trace=1ns T
[V_TXpost 100% of Tr ¢
/LRX
N b4
R=R_driver Z=Z0_ohms
L=Len_m
P Signal @ Receiver
15
= <Simulation usin UCS(SPICE)> 1
9 QR Td of Trace=0.5ns
50% of Tr 8%
1T — )
| \‘ ‘ o5l it Vo
; - ‘ | “ | Time
20 ‘ | i Signal @ Receiver
[} 1e-08 2608 L8
time 1
Td of Trace=02ns &
Tx Clock 20% of Tr 2l
Freq=100MHz i)
Tr=1ns 05
Time
TeraBit Solutions Limited www.terabitsolutions.com
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X Rise Time and Length of Transmission Line

[/r 6inch / 1ns (@FR-4 PCB)

+  100MHz Clock with Tr=1ns
20% of Tr=Td 0.2ns - Trace >1.2inch Length @FR-4 PCB is Critical

« Tr=50ps(0.05ns); Commonly used in Today's HS silicons
20% of Tr=Td 10ps - Trace >0.06inch Length @FR-4 PCB is Critical

www.ti.com SLLSE41B —JUNE 2010-REVISED FEBRUARY 2012

Two-Channel SATA 6-Gb/s Redriver

Check for Samples: SN75LVCP601

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT ‘
Rise times and fall times measured between
tzp-80Tx Riseffall time 20% and B0% of the signal. At 6Gbps under 42 66 75 ps
no load conditions

TeraBit Solutions Limited www.terabitsolutions.com

Bandwidth of Digital signals

Ideal square wave and Frequency components(Harmonics)

v 0
o
o
o .
he
é os
ov S | o
- £
Period, T o
N I,
Frequency=1/T T | I
1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Ideal square wave:

Rise time is "0".

Rise and fall edges are symmetry.
Duty cycle is 50%.

No ringing, no distortion

A.: Amplitude of the nth harmonic
Tt the constant, 3.14159...
n: the harmonic numbers, only odd mode

TeraBit Solutions Limited www.terabitsolutions.com
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Bandwidth of Digital signals

Rough estimation

\

1GHz Square wave -3dB

|—|Z 5% Harmonic = 5GHz mm) Bandwidth of this signal

Bandwidth calculated by rise time, more accurate Knee Frequency, BW

E{ 0.35

If Tr «7% of T=1ns (1GHz) 0.35

W = BW= —
T Tr= 0.07ns(70ps) 0.07

r =5GHz

BW: Bandwidth, in GHz
Tr: rise time 10~90% of edge, in ns
0.35: constant, 0.22 for Tr 20~80%

v 5t Harmonic estimation method is very accurate when Tr -~ 7% of Period.
v'Constant 0.4 for Tr10~90%, 0.5 for Tr20~80% are used in some test company.

TeraBit Solutions Limited www.terabitsolutions.com

Measurement Bandwidth

Vector Network Analyzer: Specified Instrument BW has 0dB loss.

Oscilloscope and Probes: Bandwidth is specified at -3dB

-3dB B LT

-3dB

Bandwidth of Oscilloscope Bandwidth of Oscilloscope, analog and digital filtered response

Dot plot: analog Gaussian response

v'"Method 1: Put the signal bandwidth below -3dB Bandwidth of the Oscilloscope
v'"Method 2: With Rise time,

— 2 2
Trmeasured _~/ Trsignal + Trsystem

TeraBit Solutions Limited www.terabitsolutions.com
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T
Common Issues of Channel/Interconnects

Smeared Edge

Distorted Waveform "\r\/\

Reduced Amplitude

Increased Jitter, Noise '
Closed EYE

e

PCB Connéctor Cable Socket

TeraBit Solutions Limited www.terabitsolutions.com

RV
:X Common Problems of Analog Deviation

Amplitude

Crosstalk
Problems
¥ | oss
Edge Jitter

Aberrations

Reflections Ground Bounce

-stebefpiop e e e,

Vcc Noise,
Droop

TeraBit Solutions Limited

www.terabitsolutions.com
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x Problems Created by Digital Timing Issues

All Analog Deviation of Clock and Data affect Digital Timing issues

= Bus contention

= Setup and hold violations
= Metastability

= Undefined conditions

. Sampling time

Setup and hold timing diagram

TeraBit Solutions Limited www.terabitsolutions.com

x Brief look at the EYE Diagram

Wider inner space in horizontal
and vertical ensures reliable
logic state "high” or “low”

=) Opened EYE

1
|
'

EYE diagram(Pattern) is the Integrated view of signal qualities

vlitter vSetup time
v'Noise vHold time
v'Unit Interval(Ul) vRise time
vDistortion vFall time
TeraBit Solutions Limited www.terabitsolutions.com
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What is Signal Integrity?

Good Signal Integrity of Digital
Signal Means:

= Clean, fast transitions

= Stable, valid logic levels

= Accurate placement in time

= Free of transients

Characteristic Impedance Rise Time Degradation

Cross Talk Jitter

Topology Eye Diagram

Stub Reflections Delay Susceptibility
Inductance Ground Bounce
Common Mode
Transmission Line Ringing

Termination

Distortion TDR S-Parameter

Differential

Impedance Discontinuity

Examples of Signal Integrity Terms

Loss Emission

Return Current Path
Power Delivery

Mode Conversion Capacitance
Skin Depth
Coupling
Dielectric Constant

Inductance

TeraBit Solutions Limited

www.terabitsolutions.com

4 Categories of Signal Integrity

1. Signal Quality of one net

2. Crosstalk between multiple nets, ground and power plane

3. Voltage Noise in power distribution network ( > Power Integrity)

4. Electromagnetic Interference ( >EMI)

TeraBit Solutions Limited

www.terabitsolutions.com
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Transmission Line & Characteristic Impedance

TeraBit Solutions Limited www.terabitsolutions.com

x Transmission Line
ey ~ WEm
PCB

Microstrip Line

Strip Line

Coaxial Cable

Coupled
ccccc acket X .
°° Microstrip
TeraBit Solutions Limited www.terabitsolutions.com
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Ideal Transmission Line

clean

Characteristic Impedance

T >

No Reflection!

No Loss!

No Crosstalk!

No Mode conversion!

TeraBit Solutions Limited www.terabitsolutions.com

What is the Impedance?

Impedance

Impedance is represented as a complex quantity z and the term complex impedance may be used interchangeably; the polar form conveniently captures both magnitude and
phase characteristics.

Z= ‘Z‘enrz(z)

where the magnitude | Z| represents the ratio of the™w
phase difference between voltage and current. j is the imaginary

age difference amplitude to the current amplitude. while the argument arg(Z) (commonly given the symbol ) gives the
and is used instead of i in this context to avoid confusion with the symbal for electric current. In Cartesian

form
Z=R+iX
where the real part of impedance is the resistante~saqd the imaginary part is thq

Where it is required to add or subtract impedances the cartesian for
form is used. A circuit calculation. such as finding the total impedance of two impg
Conversion between the forms follows the normal conversion rules of complex nul
The impedance of an ideal resistor iz purely real and is refenred to as a resis;

Zn=R.
In this case, the voltage and curent waveforms are proportional and in phasi
ldeal inductors and capacitors have a purely |

Zy = jwk,

the impedance of inductors increases as frequency increases:

the impedance of capacitors decreases as frequency increases.

<source: Wikipedia>

TeraBit Solutions Limited www.terabitsolutions.com
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x Input Impedance of Transmission Line

Output buffer Transmission Line
Rsource Zy= V_
A '
.
Vout ) Zo \)
7 Z,
V = Vout

Z, + Rsource

Z,: Input Impedance of Tline
Characteristic Impedance of Tline

TeraBit Solutions Limited

www.terabitsolutions.com

x Current Flow in the Circuit

DC

Return Current

+ 4+ 4+ttt -’;
) 7

Signal Current

Return Current

)
Transient
or AC + o )

Signal Path

Return Path

TeraBit Solutions Limited

www.terabitsolutions.com
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x Instantaneous Impedance

Signal Path

Return Path

AV/ At
Al / At

_|<

TeraBit Solutions Limited www.terabitsolutions.com

x Impedance of a Transmission Line

V -AQ
Z:T l_jt— C=C, ax

AQ =cv At=5¥

4+
\ —)
_AQ_ VCAXV_
T\ . =405 = e
e

AX l=—=
[

Q: charge, V:Voltage of the signal, I: current from the signal
C: capacitance
v: speed of signal in the material

Equation from <Eric Bogatin, Signal and Power Integrity>

TeraBit Solutions Limited www.terabitsolutions.com
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x Capacitance

A
o] s
A C: capacitance of the plane, in pF
C=€6— €o: permittivity of free space, 0.089pF/cm or 0.225pF/inch
- ©0Cr h €, relative dielectric constant, typically ~ 4 in FR4
A: area of the plane, in inches
h: distance between the planes, in inches
TeraBit Solutions Limited www.terabitsolutions.com

x Change of Instantaneous Impedance

o] ——

Lort

U

Return Path (Reference)

1 83
Z == = —_ £
0 \ CL CL r
Electric Field Lines
v: the speed of light in the material
€, dielectric constant of the material
TeraBit Solutions Limited www.terabitsolutions.com
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x Model of Transmission Line, LC

Signal —)

jgnal Path

turn Path

L
Electric Field Lines ZO -
Magpnetic Field Lines CL
* In modeling,
N section= 10 x BW(GHz) x Td(ns)
TeraBit Solutions Limited www.terabitsolutions.com

x Characteristic Impedance, Z,

S
S

Coax Cabm,

Uniform Transmission Line
L

ZOZ —_—
G

Instantaneous Impedance is same through
the Uniform Transmission Line
- Controlled Impedance

PCB . .
v'Characteristic Impedance is One Number
representing the Impedance of Transmission Line
TeraBit Solutions Limited www.terabitsolutions.com
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Speed of Signal

\m—
+++++++)

1

\ /EOEr“O“r

<
1l

v In air,
299x108 m 119

vIn FR4, u,is 1, €,is 4

[ &My secs [ &M, nsecs

11.9

{ 4 nsecs

==X

Electric Field Lines
Magpnetic Field Lines in Microstrip

v=speed of signal

€= permittivity of free space=8.89x10"2F/m
er =relative dielectric constant of the material
Ho =permeability of free space=4m x10-7"H/m
U, =relative permeability of the material

inches

approximation
@ 6inch / 1ns (@FR-4 PCB)

inches

TeraBit Solutions Limited

www.terabitsolutions.com

Propagation Velocity, Time Delay

c
Lo =&

&

U
PD= — =

v c
D= NE&

«v=propagation velocity, in meters/sec

« C = speed of light in a vacuum (3x108m/s)

« € - dielectric constant

«PD= propagation delay, in seconds per meter

«TD = time delay for a signal to propagate down a

transmission line of length x
*x = length of transmission line, in meters

D=y LC

L= total series inductance for the length of the line
C= total shunt capacitance for the length of the line

v'Higher Dielectric constant, Inductance, Capacitance make signal slower in Tline.

TeraBit Solutions Limited

www.terabitsolutions.com
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x Transmission Line Impedance Calculator

Coated Microstrip

&

e

|

hI tci

Top width (wy):

Bottom width {(wg):
Substrate height (h):
Thickness (t):

Coating thickness (t:):
Dielectric constant (g, 1):

Dielectric constant (g, 5):

gl
N
M

um
365 -
200 i

b=
Ll

= = 3D
w || ||
=
!

050C:
0.2%1
04T
16T 02x2
04T
0.2%1
0.50C:
Results
Z0 49.8 Ohm
ErEff 3.3
ce 121.7
pF/m
Is 301.9
nH/m
Velocity 154898416
m/s
PropDelay 6'0,64
ns/m

<Calculated by STLC (Sequid Transmission-Line Online-Calculator)>

TeraBit Solutions Limited
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x Transmission Line Impedance Calculator

Stripline
h, &,
h, &1

Bottom width (wg):

Substrate height (h;):

Thickness (t):
Dielectric constant (£, 4):

Dielectric constant (g, ;):

W.B
Top width (wy): pm

Substrate height (h;): um

167

o/
o
R

0.4
04

=
i
>

s

=t
Sy
[

Results
Z0 50.1 Ohm
ErEff 4.3
cs 137.9
pF/m
is 346.5
nH/m
Velocity 144572720
m/s
6.917
PropDelay -
ns/m

<Calculated by STLC (Sequid Transmission-Line Online-Calculator)>

TeraBit Solutions Limited

www.terabitsolutions.com
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Dielectric Constant

&, : Dielectric Constant

Relative Permittivity, Dk
the property of the insulating material between the conductors.

increase the capacitance of conductors.

=T
C

€ = Air 1
r - Insulation Material
C Teflon 2.1
0
PTFE 2.8
FR4 4-47
€, = relative dielectric constant of the material Nelco 336
C = capacitance when conductors are in the material ’
CO = capacitance when conductors are in the air
Rogers 35
Water 8
TeraBit Solutions Limited WWW.TETaDItsoIuTions.com

x Dielectric Constant of FR4 over Frequency

Result visualization EJ@\E\
Ly Pielectric ‘Conllfant — ;;7 —
£ T S e FTe (6
e { i i i <Microsection of Stripline>
b ;
ERLN

1.0 20 30 40 5.0 60 7.0

[ Clear I Cloze ]

v'The dielectric constant of FR4 is sometimes vary with frequency,
especially below 10MHz.

vIn higher frequency it will be more constant.

v'Real value of Dielectric Constant of FR4 varies depending on the relative amount of epoxy

resin and glass weave.

<Example of Measured Dielectric constant vs Freqeuncy
From 10MHz to >5GHz, source: Sequid GmbH>

v'The variation of dielectric constant of FR4 during production may be bigger than

frequency variation.

TeraBit Solutions Limited www.terabitsolutions.com
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x Dk and Characteristic Impedance

51.5

51 >

505 \

50 \

495 \

49 \
\

485 g

48

475

Characteristic Impedance, ohm

47

4 405 41 415 42 425 43 435 44 445 45
Dielectric Constant

Variation of dielectric constant from 4.0 to 4.5
can make impedance variation from 5Tohm to 48.50hm in FR4 PCB.
Calculated with QUCS line calculator.

TeraBit Solutions Limited www.terabitsolutions.com

x Choice of Characteristic Impedance?

| Attenuation in Coax cable = Series Resistance of inner, outer conductors / Z,

v'30, 60, 77ohm were determined at Bell Lab. In 1929 for high power, high
voltage, low attenuation.

RG59: 750hm Coax Cable - CATV. Low-attenuation is important. Easy to
make 4:1 balun transformer to be used with 3000hm anntena.

TV antenna: 300ohm - Close to the Impedance of free space, 377ohm.
Optimized for radiating energy.

RG62: 930hm Coax Cable - Computer network in 1970 and early 1980s. Low
Capacitance per unit-length is important for Square wave

v'500hm is a compromise between power handling and attenuation.
Commonly used in many of transmission lines.

TeraBit Solutions Limited www.terabitsolutions.com
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x Value of Z, and Trade-offs in Digital System
I NN BTN
Board Costs ,’ C:\
Delay Adder /I AR
Cross Talk ’) 3/’_‘\
Attenuation ” 3/’_‘\
Connector Costs C_.\ f,
Twisted pair/cable —
costs & 7
Driver Design & @
Power dissipation 0D f,
v 500hm is good starting points among trade-offs.
TeraBit Solutions Limited www.terabitsolutions.com

x Inductive High Impedance

Inductive Discontinuities

=Connectors

=Joint of cable assembly

=Slit of Ground(Return) plane
=Differential Trace near Pads
Zy =Vias
WA / =etc.
.__~[iJ",‘ﬂ‘m,-.v--_-‘rL._ A A
20Q)/div l
TDR plot Length or time
TeraBit Solutions Limited www.terabitsolutions.com
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Capacitive Low Impedance

oz |

1000 s 300ps 4005 500ps

ZLine_TOR (28ps)

Capacitive Discontinuities

=Decoupling capacitor Pads

=Termination resistor Pads

=Filter Pads

1]

probe contact

Trace T - Open

"L,ﬂ =Connector and Pads
=Stubs
=Vias

=etc.

TeraBit Solutions Limited

www.terabitsolutions.com

)( Characteristic Impedance vs Frequency

v" lossless TL (when Dielectric constant is constant)

tI : """ y &: Skin depth

1
Return Plane

Skin Depth

Frequency

Characteristic Impedance, ohms

60

Skin depth for L

50

40

30

10k

100K

™ 10M 100M  1G 10G 100G
Frequency, Hz

Typical PCB characteristic Impedance with Frequency

TeraBit Solutions Limited

www.terabitsolutions.com
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Reflection
Termination topology
Discontinuity

TeraBit Solutions Limited www.terabitsolutions.com

x Reflections at Impedance changes

L T

V, Z,-Z
reflected — 2 1 — p (RhO; H._"}\l‘jﬂ—ﬁk—)
Vincident ZZ + Z1
TeraBit Solutions Limited www.terabitsolutions.com
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x Reflections at the End of the Line - Termination

Z1 Z2
i\ | —
— Open
Short

Matched
Load <|:
Unmatched

Vieteed  _ 22721 _ ) (Rho: BEALHIZ)

Vincident ZZ + Z1

TeraBit Solutions Limited www.terabitsolutions.com

x Source Impedance of Device Output

Transmission Line

Rt

CMOS device ~
Vo
Rs = Rt [_ -1J

Rariver= RS

Re Vo=33V

N Ex)
Vo %_ %Rt Rt=100hm —> Rs=7.3ohm

Vt=1.9V

TeraBit Solutions Limited

www.terabitsolutions.com
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Bounce Diagram

p =(22-Z1)/22+71)=(7.3-50)/(7.3+50)

p=@ 50/ +s0) Voltage at the far end

p=-0.75 p=1
[ el Transmission Line =5
v — 9—{ 77777777 77777777 Q) 174
Rs= 7.3Q Z=50 Ohm 142
L=15cm(Td=; 1nsec) 100 .

044

1V*50 Q/(73 Q +50 Q) Tnsec

0.87V+0.87=1.74V
Vreflect= P*Vincident ins  3ns  5ns  8ns

= 087v*-0.75
1.74
-0.65V*-0.75

044

l 3nsec

-0.65-0.65=0.44V

l S5nsec

+0.49+0.49=142V

TeraBit Solutions Limited

www.terabitsolutions.com

B Simulati
Overshoot
/ 2n Overshoot, at 4TD
L
V_RX 15
x 1
4
@
g 05
TLine Parameters o
Equation 0
Z0_ohms=50
TD ns=1 1t undershoot, at 2TD
05—
0- 1e-08.08-42 6868269 02-081084-04-08-24-68-08
Time
Termination Parameters
Equation 1
R_driver=7.3
0.8+
> 06+
x
}7\
=044
0.2+
04
1e'G8- 0 @8 68-68 U8-09-08 081084.06-06-04-68-08

time

TeraBit Solutions Limited

www.terabitsolutions.com
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x Bounce Simulation_Multi Reflection

R
0_ohms Z=202_ohms
en_m L=Len_m

TLine Parameters

Equation

Z0_ohms=50
Z02_ohms=25
TD_ns=0.5

Termination Parameters.
Equation
R_driver=7.3

Signal @ RX

0.8+

£ 06
x
=
>'0.4

0.2+

o

Time

1e-02-08 @2 66 68-72-68-92-087083-0-06-28.68-08

1e-00-0R 09 60 60 7e-G2-08-001083.08-0¢.24.6¢
time

TeraBit Solutions Limited

www.terabitsolutions.com

Reflection of T.line and Rise Tme

P
_driver  7-70_ohms Z=202_ohms

L=Len_m L=Len_m

TLine Parameters

Equation
Z0_ohms=50
Z02_ohms=25
TD_ns=0.5

Termination Parameters

Equation
R_driver=7.3

Driver Parameters

Equation
RT_ns=5

Td=20% of Tr

56-09 1e-081 5e-082e-082. 56-083e-083.56-084e-08

Time

Signal @ RX

Td=200% of Tr

Driver Parameters

Equation
RT_ns=0.5

5¢-09 1e-081 56-082e-082 56-083¢-083 56-084e-08

ime

TeraBit Solutions Limited

www.terabitsolutions.com
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Termination

Source Series Termination

Match Impedance to eliminate Reflection at Source or(and) Far-end.

Far-end Parallel Termination
Far-end RC Termination
Far-end Thevenin Termination

Vit Termination

TeraBit Solutions Limited

www.terabitsolutions.com

Source Series Termination

No Tegnination

V' _none

b
_driver Z=70_ohms
L=Len_m
Driver Transmission Line
Driver Impedance=10ohm Zy=500hm
Tr=0.5ns Td=0.5ns
V=1V

& Termination

\/_source

oo
R>R_dnver R=R_source 7-70 ohms
L=Len_m

Source Series Termination Resistor
R_driver+R_source=Z,=500hm

No Termination

V_none V't
5] -
il el g

0.5+

2/08 3608 4e'08 56108 6008
Time

Source Termination

(I -

2408 3¢/08 4008 5608 6e.08
Time

v

V_source Vt

=3 =3 -
Do ;o= m

v'Low current consuming
vOnly for point to point topology

TeraBit Solutions Limited

www.terabitsolutions.com
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Far-end Parallel Termination

Far-End Termination

\V_farend =
o
F7FFIIZZ R=R_farend 5
7=70_ohms =
L=Len_m > .
- -218-08 381-08 4e}-08 5e=-08 6e-08
Time
Driver Transmission Line
Driver Impedance=10ohm Z,=500hm
Tr=0.5ns Td=0.5ns
V=1V
Far-end Termination Resistor
R_farend=Z,=500hm
vEliminate the unknown variable of buffer Impedance
vLarge DC current consuming during state “1” at the load
v'Voltage is divided by Ryiver and Rearend
TeraBit Solutions Limited www.terabitsolutions.com

Far-end RC Termination

ONermination )LRC RC Termination
2

_driver 7=70_ohms R-R_R = 1l
L=Len_m 3
& 059
C=C_RC _| > 01
05+
I ﬁe-DB SEH-OB 4eH-08 SeH-OB 6e-08
D . .. . = Time
river Transmission Line
Driver Impedance=10ohm Z,=500hm
Tr=0.5ns Td=0.5ns
V=1V

Far-end Termination

R_RC=Z,=500hm

C_RC=> chose such that RC time constant is appx equal to one or two rise time.
2.2RC =~ Tiee
Simulation is needed to chose exact C value

v'As charging the capacitance, the DC power dissipation will be reduced.
v'Capacitive Loading will increase the signal delay by slowing down the rise time
v'Board space and cost

TeraBit Solutions Limited www.terabitsolutions.com
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Far-end Thevenin Termination

venin Termination

R=R_thevenin_top

\_thevenin

—AN——s

FrP7777T
_driver  7-70 ohms
L=Len_m

Driver

Driver Impedance=10ohm
Tr=0.5ns

V=1V

R=R_thevenin_bat

V_thevenin vt

—AAAA

Transmission Line
Z,=500hm
Td=0.5ns

Far-end Termination
Parrallel combination of R_top and R_bot

Thevenin Termination
2

1.5
1__
O,,
0.5+

9508 3008 4608 5e08 6008
Time

=Z,=500hm

v'’Pull-up and Pull-down R help stable logic state thereby improve the noise margin
v'Smooth power dissipation variation helps signal integrity
v'Constant flow of DC current from V+ to Gnd, high power dissipation

v'Board space and cost

TeraBit Solutions Limited

www.terabitsolutions.com

Vtt Termination

+Vit

R=R_VTT

V_VTT

Driver

Driver Impedance=10ohm
Tr=0.5ns

V=1V

Z=70_ohms
L=Len_m

Transmission Line
Z,=500hm
Td=0.5ns

Vtt Termination
R_vtt=Z,

VTT Termination
2

154
1__
0__
05+

V_VTTVE

Y508 3008 4608 5e08 6el08
Time

v'Behave like as pull-up makes stable logic state
vImproving signal integrity because of constant load current
v'Less power dissipation over the Thelevin termination

TeraBit Solutions Limited

www.terabitsolutions.com
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x When should we terminate the line?

v Time delay vs Rise Time

T, =Rise Time

@ Termination is required for
| Td > 20% of Rise Time

TeraBit Solutions Limited www.terabitsolutions.com

Length of Impedance Discontinuity

[V_RX_1
== 1 1 1
7777777 7777777 1
R1 1 1
V2 Line2 Line3 s s &
U=V R=50 zzs00m - |NLined - 7-50 2 =l =
~ TH=10ns L=Len_1 = L=Len_1 % 05 x 05 » 05
L Ti-10ns Leten2 K g ]
= Tr=tns > > o
Tr=tns 0 o o
V_RX_3
-0. -0. -0.
1el08 2608 300 1e.08 2608 3elt Te08 2608
time time time
T, 7 7 1 1 P
V3 R2 Line5 Line8. Line7
U=tV R=50 Z=500hm  Z=100 7=100 1
< TH=10ns L=len1  L=len2  L=Len_t o1 s e T
TL=10ns £ quation B S =
= Tr=tns [Equatio < 05 X 05 = 05
Tr=1ns Eqn2 [4 o [
TD_1_ns=1 5! > %)
TD 2 ns=02 o 0 o
0. o DS
1el08 2608 3elt 108 2e08 3e- 1208 2608
-5,
—209, TD=50% of Tr - 0,
TD=20% of Tr TD=110% of Tr

Q TD of discontinuities should be,
“ \ TDgisc < 20% of Rise Time

Stub and Series discontinuities

TeraBit Solutions Limited www.terabitsolutions.com
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Capacitive Discontinuity with Series Termination

15
V_RX_Source_Series
1
A A ,
v M 77777777 fcs 77777777
R=R_driver  R=R_source  7-70_onms C=0pF  2=20_otms
L=Len_m I L=Len_m
L |V_RX_Source_Series2
- > 05
A A ,
77777777 ca
R=R_driver  R=R_source  7-70_onms J-C:3 oF  Z=20_ohms
L=Len.m I L=Lenm
V_RX_Source_Series3
A W ,
77777777
R=R_driver R=R_souce 770 ohms J—g?5 N et
Len =op 2=70_ohms
L=Len_m e 05

TLine Parameters

Equation
20_ohms=50
TD_ns=0.5

Termination Parameters

Equation
R_driver=10
R_source=40

2e-09 4e-09 6e-09 8e-09
Time

Capacitance: via, component pads, connector, stub, test

pads.

Makes discontinuity and delay adder.

TeraBit Solutions Limited

www.terabitsolutions.com

Inductive discontinuity with Series Termination

V_RX_Source_Series

3 77 L2 77
R=R_driver R=R_source  7-70_ohms . 7220_ohms
L=Len_m L=Len_m
|V_RX_Source_Series2
A A
77777777 77777777
R=R_driver ~R=R_source 770 _ohms EﬁnH 7=70_ohms
L=Len_m = L=Len_m
|V_RX_Source_Series3
A Y
77777777 77777777
R=R_diver ~R=R_source  7-70_ohms tfonH 7=70_ohms
L=Len_m = L=Len_m

TLine Parameters

Equation
20_ohms=50
TD_ns=05

Termination Parameters

Equation
R_driver=10
R_source=40

2e-09 4e-09 6e-09 8e-09
Time
Green: OnH
Red: 5nH
Blue: 15nH

Series Inductance: via, series resistor, connector, wire, etc.
Makes discontinuity and delay adder.

TeraBit Solutions Limited

www.terabitsolutions.com
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Capacitive discontinuity with Far-end Termination

e AAA

R=R_driver

L=Len_m L=Len_m

cd Jecs P R13
Z=70_ohms I C=8pF Z=Z0_chms R=50 Ohm

TLine Parameters

Equation
Z0_ohms=50
TD_ns=05

Termination Parameters

Equation
R_driver=10

05+

1609 20100 3e09 4e09 5e09 6e09 7e09 8e09
Time

Red: without C Stub
Blue: with 8pF C Stub

TeraBit Solutions Limited

www.terabitsolutions.com

Inductive discontinuity with Far-end Termination

V_RX_Source_Series

/

) /

Y i R13
R=R_driver  R=R_source 770 ohms Lined 7=20_ohms R=50 Ohm

LsLenm z=150  L=len.m
L=Len_disc

|V_RX_Source_Series2
A

r

Y Y 777777 g 77777777 R14

ReR_driver  ReR_source 770 otms 2. Z=20_ohms 3 R=50 Ohm
Lslenm 7 L=Len.m

TLine Parameters
Equation

20_ohms=50
TD_ns=05

Termination Parameters

Equation
R_driver=10
R_source=1

Equation

Len_disc_ns=0.1

15

1e-09 2e09 3e-09 4e09 5e-09 6e09 7e-09 8e-0¢
Time

Red: Z=1500hm, Td 0.1ns
Blue: 15nH Inductance

15nH ~ Td 0.1ns ,150o0hm disc.

TeraBit Solutions Limited
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x Compensation of Inductive discontinuity

15
|V_RX_Source_Series

77777777 ] ! 77777777 !
Cc3 c4
ReR_der  R-R_Souce 270 amms G e A R
L=Lenm I = I L=Len.m

V_RX_Source_Series2
A P of

77777777 77777777
R=R_driver ~R=R_source  7-70 ohms t:” 7=20_ohms
L=Len_m =L L=Len_m

1e09 2e09 3e-09 4e09 5e09 6e09 7e09 8e-09
Time

Red: before compensation
TLine Parameters Bl i ft t
Equation ue: arter compensation
Z0_ohms=50

TD_ns=0.5 I_L 5
Termination Parameters ZO = C: I_ / ZO

Equation C
R_driver=10 L
R_source=40

TeraBit Solutions Limited

www.terabitsolutions.com

x Discontinuity and Termination Topologies

[V_RX_Source_Series

purce Term.

ar-end Term.
Both end Term.

[V_RX_Source_Series2

.
7
R=R_driver ~R=R_source  7-70 ohms -2 7=20_ohms
=20 L=15nH e
L=Lenm L=Lenm
V_RX_both o 1e09 2009 3e09 4e09 5e09 6e09 7e09 8e-09
m/
R16
R=R_driver R=R_source Ls = =
¢ X _ohms 25y 2Z0_ohms S R=50Ohm
en_m L=Len_m
TLine Parameters
|Equation
20 oms=50 v'Both end termination eliminate reflections, but

amplitude will be reduced to half.
Termination Parameters
Equation
R_driver=10
R_source=40

TeraBit Solutions Limited
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x Time Delay by Impedance discontinuity-C, L

v Delay adder

Capacitive

ATd = 0.5 Z,C

Inductive

L

ATd = 0.5?0

No via/
Ex) / Onevia
A Tdd=0.5x50x0.4E-12 = 10ps _’/
<>

delay 10ps

TeraBit Solutions Limited www.terabitsolutions.com

Return Path

Current density distribution in the return plane
(=

Electric Field Lines ¥I

Magnetic Field Lines f <

Return current flow at DC Return current flow at high frequency Slit on return plane

v In high speed frequency, solid return path is important as much as signal line.

TeraBit Solutions Limited www.terabitsolutions.com
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Impedance discontinuity

The End of the line Corner

Connector

Stub
Test Pad
Package Lead

Branch

Via
Gap in the return path

% ;:, Pad for Components

Input Gate Capacitance

TeraBit Solutions Limited www.terabitsolutions.com

Topology

v'Balanced length of branches
1
V_RX_1 =5
4T
x5 05
o K‘
>>
0
77777777
R1 Line2
Rl ez VX2 o v'Unbalanced length of branche
L=Len_trunk 7777777 h 1e-08 208 3e-08
Line4 - time
7=50 1 Tme 15
L=Len_2
Equation 1 4
Eqn2 s e
TD_trunk_ns=2 N 05 2z
TD_1_ns=1 ® =<' 05
TD_2 ns=1 S 23
o >> .
-0.
16:08 2608 3e.08 05
time 16.08 208 308
timy
15 Time
V_RX_3
77777777 Equation 1
Line? s
Z=100 Egn2 )
sz vV 7777777 [ L=Len_1 TD_trunk_ns=2 % 05
Line5 TD_1_ns=1 !
R=50 750 Ohm V_RX_4 TD_2_ns=15 Z
L=Len_trunk 777
Line6 0
Z=100 1€:08 2¢08 3e:08
L=Len 2 [

ime

v'Topology must looks symmetric from the point of view of any driving agent.
v Impedance, Length and loading of each leg.

TeraBit Solutions Limited
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Daisy chain topology

Daisy chain: multi drop buses

Tecrme T
V_RX_1 V_RX_2

2=20_ohms_stub E
L

en_m_stub

7=20_ohms_stub.

7777777
R=R_driver 770_ohms

L=Len_m

77777777
2=20_ohms
L=Len.m

Stub Parameters

Equation
Z0_ohms_stub=50
Len_inches_stub=1

Interconnect Parameters
Equation

20_ohms=50
Len_inches_between=1
Dk=4

Termination Parameters

Equation
R_driver=10
R_fiyby=50
C_pF_gate=2

s 1 s 1
<05 <05
II‘ K‘
> o > o
5e-09 1e-08 15e-08 2e-08 0 5e-09 1e-08 15e-08 2e-08
time
R=R_fiyby
= 1 15
s 1 s 1
N N
x' 05 x 05
E(‘ ’I\
> o > 0
0. 05
5e-09 1e-08 15e-08 2e-08 5e-09 1e-08 15e-08 2e-08

time

TeraBit Solutions Limited

www.terabitsolutions.com

Signal Loss
S-parameters
Loss compensation

TeraBit Solutions Limited
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X Loss of Transmission Line

Smeared Edge
m Distorted Waveform e N
Reduced Amplitude

m Closed EYE .
T | TE P> | R

=

PCB Connector Cable Socket

v Loss influences more on the closed EYE in Gpbs.

TeraBit Solutions Limited

www.terabitsolutions.com

X Example of Loss: Waveform and EYE diagram

W

b

“,___.___,,__

m

i

Jily

TeraBit Solutions Limited www.terabitsolutions.com
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x 5 sources of Energy Losses in Tline

+ Radiative Loss Small
« Coupling to adjacent Traces

* Impedance mismatches

« Conductor loss

» Dielectric Loss Big

TeraBit Solutions Limited www.terabitsolutions.com

x Source of Loss: DC Loss

Conductor DC Loss

L
R:p_
wt

R: Resistance of conductor, in ohm

p: Bulk resistivity of conductor, in ohm/inch
L: Length of the line, in inch

w: Conductor width, in inch

t: conductor thickness, in inch

Dielectric DC Loss

; R @ Dcis very high(eg. 10120hm-cm)
R
Dielectric DC loss is negligible and can be ignored.

TeraBit Solutions Limited www.terabitsolutions.com
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Source of Loss: AC Loss

Conductor AC Loss

w

Return PlaneI

=
=]
Q.
]
[a)
c AN
i) ¥
(%]
Frequency
o -
o —
g -
g —
Ra DC resistance
qu /
[~
Frequency

L
R: p —
wd

R: Resistance of conductor, in ohm

p: Bulk resistivity of conductor, in ohm/inch
L: Length of the line, in inch

w: Conductor width, in inch

t: Conductor thickness, in inch

&: Skin depth, in inch

5= [P
TR

Ri= Roc + Rac JF

&: Skin depth

p: Bulk resistivity of conductor
F: frequency

u: permeability of free space

TeraBit Solutions Limited

www.terabitsolutions.com

Source of Loss: Surface Roughness

v'Skin effect and surface
roughness increase AC resistance.

Ex) 3dB difference in S21 at 5GHz
between Std foil and VLP foil.
(Courtesy of Oak-Mitsui)

5id FollRa=E SemEd Soz =

S1(dBm)

0
-2
-4
&

O Y

16
-1
20
22

1 2 3

VLP Reed JungObos =
) 5 [

N

~3

\\;\\\:\

» My vj"l

= STD ..\\ ‘

DT W nits < 903

Frequescy CHL

TeraBit Solutions Limited
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Source of Loss: AC Loss

Dielectric AC Loss

L

Dielectric Material l licakage

Voliage

<Electric Polarization; dipole movement >

Conductance, G= 1/ R

v When voltage is applied across capacitor

v Electric Field is generated

v Dipole of the material will tend to align in the
direction of field

v Dipoles motion generates the leakage current
vCurrent heat the material and dissipate the energy

v'Faster AC voltage makes faster movement of dipoles and
higher current

Higher the Frequency, higher the leakage conductivity,
and the higher the power dissipation in the dielectric

Rise time degradation

Siemens/cm

1E-3

1E-12

10Hz 10GHz
Bulk conductivity, FR-4

TeraBit Solutions Limited

www.terabitsolutions.com

Dissipation Factor of the material

v'As frequency increase, the conductivity of the material increase due to the motion of the dipole.

vThe more dipoles, the farther dipoles move make the higher conductivity.

Dissipation factor of the material
tan(5), Df

measure of the number and how far each of them can rotate

tan(8) ~ n x p X O,
n: the number of density of dipoles in the dielectric

P: the dipole moment, a measure of charge and separation of each charge
Bmax. how far the dipoles rotate in the applied field

v In the real, Df at high frequency can be changed m—
nonlinearly due to the variation of 6,
FR-4

4.0~4.7 0.02
GETEK 83 0.009
The bulk conductivity of the dielectric NelcoN900D  30~35 0004
Rogers RO3003 3.0 0.0013
o = 21f x g€, x tan(8)
DiClad880 22 0.0009

TeraBit Solutions Limited

www.terabitsolutions.com
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‘,svw_..
/. Time domain Waveforms with source of Loss

DC conductor Loss

AC conductor Loss + Dielectri¢ Loss }
1

www.terabitsolutions.com

TeraBit Solutions Limited

‘,svw_..
Model of Lossy Transmission Line, RLGC

R_= Resistance per length
_ L = Inductance per length
G=1/ R|eakage G, = Conductance per length
C, = Capacitance perlength

_ R+ wl
o= [ ———
G +wC,

www.terabitsolutions.com
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x Characteristic Impedance with Loss

7 - R+ wl
o= |/
VoG +wC,

v'’Above 2MHz on 3mil trace, the impedance of resistance is much smaller than
the reactance of the inductance.

v'The conductivity is much smaller than the reactance of the capacitance when
tan(®) «<1.

0.02 in FR4 and <0.001 in some low loss materials.

N
\
A

N
N

100 S

50 ~

Characteristic Impedance, ohms
/

10k 100K 1M 10M  100M  1G 10G 100G
Frequency, Hz
3mil wide 50ohm Microstrip, FR-4

TeraBit Solutions Limited www.terabitsolutions.com

x Signal Velocity with Loss

w

<
1l

\/;—[/ (RL2+w2LL2)(GL2+ wZCL2)+w2LLCL'RLGL]

v When the impedance of resistance is much smaller than the reactance of the
inductance.

v When the conductivity is much smaller than the reactance of the capacitance
when tan(é) «1.

0.02 in FR4 and <0.001 in some materials.

# V= ! v Above 10MHz, for 3mil FR4 50ohm microstrip,
Signal speed is not affected by the loss.
Juc
TeraBit Solutions Limited www.terabitsolutions.com
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x TDR waveform with Loss

Mean 2 J,
10283930

106 28590
97361220

. iC3 20,000

C4 20002/
M2 20,000

TDR waveform of Uniform Transmission Line with dribble up effect

Incident Impedance

Model of Lossy Transmission Line
[ et pecncs |

T T T T T [ J

| \
4.93E-08 5E-08
Time (seconds)

<Source: Introbotix>

www.terabitsolutions.com
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x Measured Example of Lossy Transmission Line

Time Domain: TDT(Time Domain Transmission),
or Pulse Response Test

Vin Lossy Line Vout
J =

/ Ml Oscilloscope [l ZRIpIVAINE

Pulse

Generator

(Single or Differential)

Pattern .

Oscilloscope

Generator

www.terabitsolutions.com
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x Measured Example of Lossy Transmission Line

Time Domain::=TDTxc £ s

as 10ns 1505 20ns

S00mV-

250mM m (Reference)

300mVy -

200mY-

Out (TDT) ~210mV

o

0.5Ul
EYE measurement @1.2Gbps, 400mV

o it

e

[ = | N [ =]

TeraBit Solutions Limited www.terabitsolutions.com

Loss in Frequency domain

Attenuation

Vin d Vout

v

Sine wave

Y

V,ue= the voltage at the end of the line
Vout = Vinexp(-An) = Vinexp(-d X (xn) d= the distance of the line, in inch
V;,= the amplitude of the input voltage
A, =the total attenuation, in neper
a, =the attenuation per length, in neper/inch

v'The attenuation increases exponentially with distance.

TeraBit Solutions Limited www.terabitsolutions.com
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Loss in Frequency domain

Attenuation in dB

Odp
A -
8 (dX o )

Vour= V0 2 = V10

. P1 V12 V1
Ratio(dB) = 10 x log To =10 x log (702 ) = 2010g(70) n
30

ratiogs S 2
L V1 _ 20 12 10
Ratio=— =10
Vo g 6
QO.
EAOS 3
£
03 0
014 !
O 5
Frequency (GHz) 7
<measured ags in FR4 PCB, in dB/cm>
-10
vIn dB, the attenuation increases linearly with frequency. 20
-30

TeraBit Solutions Limited

Ags =the total attenuation, in dB
ags =the attenuation per length, in dB/inch
20= the factor to convert dB into amplitude

100

1000

100

0.5

025

0.1

0.01

0.001

www.terabitsolutions.com

10

3.16

0.7
0.5

0316

0.1

0.01

Loss in Frequency domain

Insertion Loss

Sweep
Sine wave

L sats s P

-10.86dB @8.5GHz

. \
Ratio(dB) = 2010g(7)
0

v'Higher frequency is attenuated more than lower frequency.

m=) Rise time degradation at the end of lossy line

[

St 84099301 G4 EE0 (A AT

<Measured insertion loss in FR4 PCB, 20cm differential line.
Measured with Agilent VNA 5071C.>

TeraBit Solutions Limited

www.terabitsolutions.com

2015-04-10

44



Loss in Frequency domain

"Scattering-parameters”
S-parameters Origins in RF world, this technique has been widely used to
describe the behavior of any interconnects in time domain in the

digital world.

Port1 Port2

Incident wave(input) | | |

transmitted wave(output)

reflected wave(output)
vIncident wave scatter back into the source, reflected wave: S11 or Return Loss

vIncident wave scatter through the device, transmitted wave: S21 or Insertion Loss

amplitude of output sine wave

mag(S) =
amplitude of input sine wave

Sqs= 20log (mag(S)) Phase(S)= Phase(output sine wave) — Phase(input sine wave)

TeraBit Solutions Limited

www.terabitsolutions.com

S-parameters

Eom|
e 0 wn e e

15[ 4BMag

VIV

Al \ /\v/ V

V
Frea,  aF/2
Zursor 1: [[B5GHz 436mdB | -1500 -32.4dB 1050 i
Tektronix
8. Cursor 2: [ T0GHZ -2.64dB 1780 -136dB | 87.70 g

<500hm Transmission line, FR4, 5cm>

<Measured S21 and S11 plot. Measured with Tektronix
DSA8300/80E04. Calculated and displayed with I-Connect SW>

In all linear, passive devices, S21=S12. S11=S22.

S21(Insertion Loss) describes how big the transmitted signal will be, at each frequency.
Ex) 1V, 10GHz, sine wave will be reduced to 0.738V(-2.64dB) at the output port.
This Frequency is the appx. Bandwidth(-3dB) of this device.

V I'a(ioua
Ratio =— =102
0

S11(Return Loss) describes how small the reflected signal will be, at each frequency.
Ex) 0.2V(-13.6dB) out of 1V, 10GHz, sine wave will be returned back to the source.

TeraBit Solutions Limited

www.terabitsolutions.com
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X S21 and S11

The relationship between S21 and S11 swiy  S11&S21 for Lossless Interconnects
1=5112 + S212 0500000 \
s21= [1-s112 \
\\
Ex) (75-50) - \
M= ——— =02 = -14dB |
(75+50) |
s |
$21=,/1-022 =098 = -0.18dB e e @ w0

v -14dB(20%) reflection affects only -0.18dB(2%) on Insertion loss.
While more than 10dB loss in S11 will dramatically affect on insertion loss.

TeraBit Solutions Limited www.terabitsolutions.com

x Measured Example of Lossy Transmission Line

Frequency Domain: Insertion Loss/Return Loss, or S21/S11

Vin Vout
NN Lossy Line

Incident wave(input) || /\ /(\\‘ " | y
[URVREA transmitted wave(output)

YRYAYAL 2 ‘

\\) \\1’ v \u \
reflected wave(output) AN

\/ V VUV \

Vector

2 port(for Single-end)

Network 4port(for Differential)

Analyzer (VNA)

Signal

Spectrum (521 only)
(Scalar Network Analyzer

Generator

Analyzer

TeraBit Solutions Limited
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x S-parameters of Single & Differential T.line

Single-end Line

2Port S-parameters

S11512

$21 522 m) Touchstone file: .S2P

4Port S-parameters
S11S12 S13 514
Differential Line 521522 523 S24  m) Touchstone file: .S4P
S31 S32 S33 S34
S41 S42 S43 S44

Port1
Port3

Port2

4Port Mixed-Mode S-parameters

Stimulus

Differential Common Mode

Port 1|(Port2| Port1|( Port2

Port 1(|SDD11|(SDD12||SDC11 |[SDC12

Differential
Port 2|{SDD21|(SDD22||SDC21 |[SDC22
Respon
Port 1((SCD11|[SCD12||SCC11 |[SCC12
Common Mode
Port 2{{SCD21|(SCD22||SCC21 |[SCC22
TeraBit Solutions Limited www.terabitsolutions.com

x Measured Example of Lossy Transmission Line

Frequency Domain: Insertion Loss, or S21 and EYE opening

OHz 1GHz 2GHz 3GHz 4GHz G
P LI
4048 e N a R P R J
i THVAVAVIEP IR TS T VN
 AVENPAY: A A
e ¥ .6dB(50%) in Voltage @ 0.6GHz —
:: (Nyquist Frequency of 1.2Gbps)

In 1.2Gbps, 400mV Out

e
g [WmoE T A
WimDE C1 VA

[1EveW M1_TZgn
606.6832p5
4EyeH M1 T3,
354 4835m V.
SPRU M1 DI,

16.00000ps.
BRMSI M1 T3,

4258267ps

BR_ M1 DI,
1.187738Ghe

11:524M 3/3/2011

TeraBit Solutions Limited www.terabitsolutions.com
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Signal attenuation in time and frequency domain

e

~m =

Tx Rx
Frequency
Domain
Signal spectrum at Tx Insertion loss of channel Signal spectrum at Rx
TeraBit Solutions Limited www.terabitsolutions.com
Compensation for loss
Equalization

D3 =CmC e

N a'as
T —

Transmitter performance Emulated

-\ -\

Signal spectrum at Tx Insertion loss of channel Signal spectrum after EQ
& EQ boost up response

o
Combined

Figure 6a SPICE simulated input to Equalizer  Fig 6b SPICE Simulated output from Equalizer

TeraBit Solutions Limited www.terabitsolutions.com
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Equalization Example of USB3.0 standard

0f 0° 100 10
Fraauorey. W

<CTLE Equalizer, high frequency boost up>

<waveform in time domain, 5Gbps
Blue: original, yellow: after EQ>

0

<Tx signal spectrum>

TeraBit Solutions Limited www.terabitsolutions.com

Compensation for loss

Pre-emphasis

B

Signal spectrumat Tx  Insertion loss of channel  Signal spectrum at Rx

De-emphasis

\ v \
Signal spectrum at Tx Insertion loss of channel Signal spectrum at Rx
TeraBit Solutions Limited www.terabitsolutions.com
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Example of Loss compensation

Fig 8 40" Tyco backplane using a PRBS 10 pattern

Eve diagram LEve diagram
Fig 8a Fig

Von Setting = 8mA \:,‘, Senting = 8mA ting =8mA
No Pre-emphisis Max Pre-emphasis No Pre-emphasis
Nex Equalization ner Equalization Max equalization
<Source: Altera Corp.>
TeraBit Solutions Limited www.terabitsolutions.com

x Pros and Cons of loss compensation

Equalization
vEQwill amplify all high frequency component. Too much compensation can make

more noise and jitter.

Pre-emphasis
v'Pre-emphasis has higher power dissipation.
v'Faster edge speed, overshoot and undershoot can make more EMI issues.

v'Pre-emphasis can send more signal to the end of very lossy line.

De-emphasis
v'De-emphasis has less power dissipation.

v'Less near end crosstalk to adjacent channel

TeraBit Solutions Limited www.terabitsolutions.com

2015-04-10

50



TDR (Time Domain Reflectometry)

TeraBit Solutions Limited

www.terabitsolutions.com

How does TDR works?

TDR system

SamphngDsc

StepGenerator Refrence

Vreﬂected ZL - ZO
Vincident ZL + ZO

Sampling Oscilloscope Display

Voltage (or p or Impedance)

Time (or distance)

(1+p)

ZL=ZOX7
-9

p = reflection coefficient, rho
Z,= reference Impedance
Z, = DUT Impedance

TeraBit Solutions Limited

www.terabitsolutions.com
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Typical TDR waveforms

V_TDR 1
Open os I
77777777 77777777 2 od

Cable buT

05

1600 2609 3600 4e09  5e.09
Time (ns)

Short

& 97
05
4
€09 2609 3e09 4e09 509
Time (ns)

Load : ,

R4 o
R=50 Ohm £

1609 2009 3e09 409  5e:09
Time (ns)

TeraBit Solutions Limited www.terabitsolutions.com

Typical TDR waveforms

s
Impedance change 1
05+
V_TDR g o
0.5
T7I7I7I7 FI777777 F77I7I77 14
Cable DUT1 DUT2
5 1e-09 2e-09 3e-09 4e-09 5e-09
Time (ns)
s
Inductive discontinuity " [
V_TDR § o A
[ -
77777777 77777777 L 77777777
Cable DUT1 DUT2 A
5 1e-09 2e-09 3e-09 4e-09 5e-09
Time (ns)
1
Capacitive discontinuity | ['
05
}L,TDR g v
L . -05:
Cable DuT1 f DUT2 A
= 1 1e-09 2e-09 3e-09 4e-09 5e-09

Time (ns)

TeraBit Solutions Limited www.terabitsolutions.com
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TDR Resolution

v' Basic resolution, using t / 2 rule:

To resolve a, and a, as
separate discontinuities:

tseparate > tTDR_risetime 2

Rise time, Resolution in Resolution in FR4, buried
ps air, mm run (v=0.446*C;;,,), mm
10 1.50 0.67
15 2.25 1.00
20 3.00 1.34
28 4.20 1.87
40 6.00 2.68
150 22.50 10.04

<source: Tektronix, Tested with 15ps, 80E10>

TeraBit Solutions Limited

T05
www.terabitsolutions.com

X Rise Time and TDR Resolution Example(1)

Short trace, appx <10mm length

r

- o
substrate

Resolution of TDR system

TDR

System

Risetime Resolution 4X Resolution
10 ps 5ps /1 mm[0.04 in] 4 mm [0.16 in]
20 ps 10 ps / 2 mm [0.08 in] 8 mm [0.31 in]
30 ps 15 ps /3 mm [0.12 in] 12 mm [0.47 in]

100 ps 50 ps/ 10 mm [0.39 in]
200 ps 100 ps / 20 mm [0.79 in]
500 ps 250 ps / 50 mm [1.97in]

40 mm [1.57 in]
80 mm [3.15 in]
200 mm [7.87 in]

<Source: IPC>

Rise time 50ps

W wimos 1B [LM

= wimbs2 B

B[ -

| Measurement || Cursors (Mn C7)

TeraBit Solutions Limited

www.terabitsolutions.com
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x Rise Time and TDR Resolution Example(2)

TR |

\ | I
- Use Fast Rise Time - Detect any Discontinuities
I\ ZLine_TOR (100p5) ! (Z) A7 / /
/ ZLine_TDR [200ps) ‘ ?
W o |
\ LK >
Use Signal Rise Time - Evaluate real influence of discontinuity

AT !
e r0m il
ly (e 70 _’J—l

I I
Probe contact Pads, 750hm Trace, 1100hm End of Trace, Open

=

Lo " ¥ - e o -
I I | [

'ControllerBGAp ds

=

Memory BGA pads s g

S

| s mrrc-erwess

TeraBit Solutions Limited www.terabitsolutions.com

X Measurement example

<Probing with Gigaprobes>

g’

& solid Reference(GND).
And they might make
Impedance Lower.

&
“ Metal Plane works as additional

TeraBit Solutions Limited www.terabitsolutions.com
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Time delay, Skew

From Dxx to Chip
Skew 15ps= %2 of TDR skew result

3014 Waveforms Telaronix _ | x|
Stop ) Trig [TOR ~| AcqMode |Average ~| 200kHz

& | 0 |[7v|[Af] (o] 7V ] [AL] [T

| 20000/ @Y% Bl (M ~][100000p5/div  B:|[43980ns @] ()] 339 Pm2/232012

Measurement Waveform | cursors (Mn M1) @)

tax B |[3Mean 5 [ ] 20.000/div M 20000/div th 446
= 14306230 mf  34213320 F L I
2 Min ] ¢
| 78682710 M 20.000/div || wimbB2  BI| 1/ar
B 20000/div
TeraBit Solutions Limited www.terabitsolutions.com

)( TDR Measurement Example: MIPI DSI traces

v'Impedance discontinuities
v'skew

Skew 40ps

e et S e T e s S

TeraBit Solutions Limited www.terabitsolutions.com
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TDR waveform with Loss

Mean 2 J,
10283930

106 28590

97361220

. iC3 20,000
C4 20002/
2 20,0004y

TDR waveform of Uniform Transmission Line with dribble up effect

Incident Impedance

Model of Lossy Transmission Line
[ et pecncs |

70—

Inc. Impedance:

42.0 ohms
60
°

£ i

5 !

T T T T T "W /

40 ' ] 1
43308 5608 51E08 513608
Time (seconds)

<Source: Introbotix>

www.terabitsolutions.com

TeraBit Solutions Limited

TDT (Time Domain Transmission)

Pulse out

Measurement parameters

vTime delay /Skew

v'Rise time degradation > Bandwidth
0.35/Tr

v'Waveform distortion by reflection

www.terabitsolutions.com

TeraBit Solutions Limited
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x Example of TDT measurement

5 E;Iw:, 10z 150

00V =
Output Pulse

o’

) Rise time degradation,
- bandwidth reduction —

2 ey
Time Delay H
100mY r———— ————— 1 Amplitude degradation
1
1
o )

Input Pulse, TDT

Output pulse should be acquired by
low loss through connection.

TrDUT: ’Trmputz'Troutputz BW('3dB) of DUT= 0.35/TrDUT

TeraBit Solutions Limited www.terabitsolutions.com

X Connect to DUT (Probing Quality)

DUT
Short

Coax cable, Zo=500hm
Length=Tm

www.terabitsolutions.com

TeraBit Solutions Limited
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x Connect to DUT(Probing Quality)

Settle
time

0.209 m/div LIVE TRACE!D.700000 Vp 363.0 mpjdiv

TeraBit Solutions Limited www.terabitsolutions.com

x Connect to DUT (Probing Quality)

0 o div

TeraBit Solutions Limited www.terabitsolutions.com
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x TDR Probe Example(1)

v Hand Held Probe

. Tektronix, P8018 ' : P80318

vBW:~20GHz

vPitch: 0.5mm~4.2mm, adjustable

v'Signal to Signal for differential(odd mode)
v'Test Coupon and Large Pad

.

TeraBit Solutions Limited www.terabitsolutions.com

x TDR Probe Example(2)

v RF Micro Probe

vBW: ~ 40GHz, ~220GHz

v'Pitch: 50um ~1.25mm, fixed
v'Signal to Ground, G-S-S-G, etc.
v'Wafer, Die, Small pads

TeraBit Solutions Limited www.terabitsolutions.com
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x TDR Probe Example(3)

v Multi Purpose P

Convertible Multimog

v'BW: ~40GHz
e v'Pitch: 200um~2mm
L= g & Vv'S-S,G-S-S-G, etc.
Frequency Measurements

<Gigaprobes>

TeraBit Solutions Limited www.terabitsolutions.com

X

Differential Signal
Common mode signal
Differential Impedance

Common Impedance

TeraBit Solutions Limited www.terabitsolutions.com
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x Differential Signaling

R

2g

- ve V, Vdifferential =V1-V2
LVDS Vearman = (V14V2) /2

Differential

\ / \ / In AC coupled signal, V.ommon is 0

www.terabitsolutions.com

TeraBit Solutions Limited

x Mode conversion

V+

*{ Tx+_
T

ch = (V+)+(V') /2

ossv

Differential to Common mode noise > EMI T
Common to Differential Mode - Jitter, Noise ) ot

www.terabitsolutions.com
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x Mode Conversion

B 1 1 05 +] o] o (113 1 1

A-B{dif) -1 -1 -1 0 1 1 1 0 -1 -1 -1

{A+B}/2{comm) 05 05 05 (113 05 05 as (+1:3 05 05 05
L = Differentia

i3 = % % €& 7 R @ .q9 W

Common

B

raton ons ins
4. mpltude mismatch —

£5 3 3 M5 6 7 8 e wogd

TeraBit Solutions Limited www.terabitsolutions.com

x Mode Conversion in Frequency Domain
-;U A LI -zu ______ I £ e ‘ ‘ ‘ .............. 5
L/, AL AR |
,zn/ \ \,M“'WN‘W <L \ ! ™ ‘
Y “ ‘ |
iESu 5 10 15 20 25 30 73:“21 40 :9“ \:M
Frequency (GHz) 0 5 10 15F’Equenzcﬂy (GHZ)ZS 30 35 40
Differential to Common mode noise Common to Differential Mode
- EMI - Jitter, Noise
@10Gbps, Nyquist 5GHz, -10dB (30%) @5GHz, -20dB (10%)
1vdiff > 0.3Vcomm 0.3Vcomm = 0.03Vdiff
TeraBit Solutions Limited www.terabitsolutions.com
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x Advantage of Differential Signaling

Advantages

v" Common mode Noise rejection

v Less dl/dt > Less Ground Bounce, Less Rail collapse Noise, less EMI
v" Higher Gain at the receiver
v

Tightly coupled differential line
- Robust to Cross talk, discontinuity in the return path, less EMI

Differential Differential
Transmitter Differential Receiver
™~ Interconnect 2
=Ry |”
=
VN /(
L \ NOISE %7
. v, e
Disadvantages GND 1 GND 2
v EMI from not properly balanced pair
v Twice Number of signal lines, Layout complexity
v New principles and design guidelines to understand
TeraBit Solutions Limited www.terabitsolutions.com

Differential Pair

OO—Q

Twisted pair cable coplanar twinax
— [ ] =
Edge-coupled Edge-coupled

Broadside-coupled

differential microstrip differential stripline differential stripline

v Good differential pairs have;
1. Constantimpedance for the differential signal.
2. Same length/Time delay match between two lines.
3. Exactly same both transmissionlines — symmetry

4. The greater the coupling the more robust the differential signal
- noise immunity benefit, discontinuity and imperfection

TeraBit Solutions Limited www.terabitsolutions.com
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R Differential Impedance - Odd mode

vOdd-mode Impedance is decrease as coupled line is closer.

g

Characteristic Impedance, Z,

Each pulses has opposite rise/fall directions(polarities)
This is called as Odd-mode, Zy o4da1 = Odd-mode Impedance
2 x Zy o441 = Differential Impedance, Z ;¢

Zy oda2 has the same behavior with Z 441

| Zgitferential = Z0 odd + Z0_odd |

TeraBit Solutions Limited www.terabitsolutions.com

R Common Impedance — Even mode

v'Even-mode Impedance is increase as coupled line is closer.

= '

ZO?even 1

Characteristic Impedance, Z,

time

Each pulses has the same rise/fall directions(polarities)
This is called as Even-mode, Zy even1 = Even mode Impedance

1/2 X Zj eyen1 = Common Impedance, Z .,

y4 2 has the same behavior with Z 1
0-cven O-cven Zcomm = ]/2 (ZO,e'ven + ZO,even)

207-7wen “

TeraBit Solutions Limited www.terabitsolutions.com
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Impedance Calculator

Diff. Coated Microstrip Line

050C:
wr wr Eo 02%1
' 04T
16T 02x2
t 4 CD. 4}{T
251
e Tt 050
Wy S Wy
Line Parameters Calculations
Parameter Value Unit Parameter Value Unit
dl 250 um| 7o 996 Ohm
wB 260 um
= 250 i Zodd 49.8 Ohm
h 200 um Zeven 65.3 Ohm
t 35 um ErEff 29
e 13 um| Ics 114 pF/m
s 43 Ls 2827 nH/m
Erc 33
Velocity 176164496 mis
PropDelay 5.677 ns/m

<Calculated by STLC (Sequid Transmission-Line Online-Calculator)>

TeraBit Solutions Limited

www.terabitsolutions.com

x Capacitive coupling between two

lines

Stripline cross section

35
cL
N
ey ”/
2 /|
= r
[e% 1
1
[
T
c1,
3 c2
2.8
0 10 20

Edge to edge space, mils

Equivalent capacitance circuit model

0.5
<
v
R=
= c12
o 1
T
L
1
\
1
A}
\
v
[y
Ry
S,
N\
.
0 ol TIOF
0 10 20

CL=C11+ C12

TeraBit Solutions Limited
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x Inductance coupling between two lines

14%
10
B
Relative inductive coupling = LyLy;
L11 Relative capacitive coupling = C;,Cyy

=2 1

S £ .

£ s |

o 1

I Sew | |
> 1
2 \
© \
T \
o< \

\
L12 —
hY
1] hN
0 - 0% Bl oL TSR SR S B
0 10 20 0 10 20
Edge to edge space, mils Edge to edge space, mils
L12

TeraBit Solutions Limited
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x Differential Impedance with Coupling

60

Single-end Impedance, ohms
w
o

40

Z0, both traces driven the same

==
A=

N

N~
A
’
4

[~ Z0, second trace pegged I
T

T T T T
,' Z0, both traces driven opposite

10 20
Edge to edge space, mils

Differential Impedance, ohms

120

100

80

| L
Stripline cross section

10

v Tightly coupled differential line
robust to Cross talk, discontinuity in the return path, less EMI

20

TeraBit Solutions Limited

www.terabitsolutions.com
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x Differential Impedance with Reference plan

Coupled Differential lines 150 I I I I I
¢ | Differentialimpedance B = Ll
1 2 < J- .

[} s -

" g ==

é ,/I ,"’

nce, h kS / 7

Q. ’ ra

S

S /

100 { a
1 /
1 4
If the reference plane moves far away, !
return current of each traces will l,'
overlap and cancel each other as /_ single-ended Impedance
polarities are opposite.
Return current of trace 1 will be carried +
by trace 2. 50 !
g TO Z
Trace to plane space, mils
TeraBit Solutions Limited www.terabitsolutions.com

x Tight or loose coupling for differential lines?

hrrower lines

Loose coupled tight coupled

v Tight coupled differential lines have advantages on;

m=) Robust to crosstalk, Board space

v'Loose coupled differential lines have advantages on;

=) Loss

TeraBit Solutions Limited www.terabitsolutions.com
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X Termination for Z ¢ and Z .,

pi termination R2
II 2 Zevenzodd
Rl=
R1 Zeven - Zodd
|| R2= Zeven
R2
tee termination
R1 R1= Zogq
I 1
R1 R2 R2= ? (Zeven - Zodd)

v Is terminating the common signal going to eliminate the common signal?

TeraBit Solutions Limited www.terabitsolutions.com

X Example of TDR Analysis on Diff Traces

v" Impedance unbalance v’ Differential signal Distortion
v' Skew v Common mode noise

Figure 8. Differential signal example with excess time delay between the positive and negative inputs.

TeraBit Solutions Limited www.terabitsolutions.com
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Glass Weave induced Skew

Glass weave effect of FR4 on differential impedance

<source: Teraspeed, Teradyne>

Unbalance and Skew in differential pairs

Skew
Pitch~17x21mil Pitch~23x31mil _
L 3 > 5 143 il
.0
=
5
2
G 25+
2
P —All Angles
Y — 10 to 80 Degrees
. . . ] \//\\ — 20 to 70 Degrees
2116 7628 g 15 \ % |— 35 to 55 Degrees
. . 2
<Typical laminate weaves> b | —
° \/
o
) 0.5
Higher Dk (5.6) for E-glass
0.0
Lower Dk (3.2) for FR4 epoxy 5milFR4 6 milFR4 8mil FR4 5 mil 6 mil 8mi
4000-13S| 4000-131 4000-1351

Trace & Material Type

Figure 11: Projected Skew vs. Trace Routing Angle, Trace Width & Material Type

How to reduce the risk of weave induced skew
v'Wider traces

<5mil trace>

v’Zig-zag routing (45°)
vUse lower Dk glass
v"Match diff pitch to weave pitch: eg. 8/8/8mil for 17mil weave

TeraBit Solutions Limited www.terabitsolutions.com

Crosstalk

TeraBit Solutions Limited www.terabitsolutions.com
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Cause of Crosstalk

inel  Quiet Line2

Active Li

Quiet Lin,
Electric Field Lines

Magnetic Field Lines in Microstrip

Capacitive coupling from Electric field > Mutual Capacitance (Cm)

Inductive coupling from Magnetic field > Mutual Inductance (Lm)

~ dVeer ~ dlgier
Inoise, Cm~— Cm X d Vnoise, Lm — |-m X d
t t

TeraBit Solutions Limited www.terabitsolutions.com

Near and Far end Crosstalk

Signal on aggressor line

Aggressor

_D_
- - >

Near-end Crosstalk Far-end Crosstalk

2xTD | 1 Tri

Crosstalk induced noise on victim line can affect on the signal integrity
at near-end and far-end.

TeraBit Solutions Limited www.terabitsolutions.com
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Near-end Crosstalk (NEXT)

Peak NEXT noise TD_coupling length

Capaciti

<=

rrent

Rise time of victim signal
v'Backward moving NEXT noise is sum of Capacitive

and inductive coupling noise.

2x TD_coupling length
v'With same polarity with aggressor Signal

v'Peak NEXT noise is independent with the rise
time when 2*TD is longer than the rise time. NEXT = Vb =k
Va b
Va= Voltage of aggressor

Vb= Voltage noise in the backward
ky,= Backward coefficient

TeraBit Solutions Limited www.terabitsolutions.com

Far-end Crosstalk (FEXT)

TD_coupling length 1Rise

time

v

Peak FEXT noise

Coupling length
Peak NEXT noise

Capaciti

1/2Rise time

/ /\ 1/4Rise time
I }/-LZ/)<:\\\\\\>

vThe Peak FEXT noise scales with the coupling
length.

rrent

v'As inductive coupling current has opposite
direction with signal current, forward moving FEXT
noise is dlffgrence between Capacitive and inductive vdV/dtand di/dt generate coupling noise
coupling noise.

v'As the rise time increases, the width of noise

If capacitive coupling s larger than inductive increases and the peak of noise decreases.
coupling, the polarity is same with aggressor Signal.

vIf inductive coupling is larger than capacitive FEXT = Vi — 1D

coupling, the polarity is opposite to aggressor signal. Va Tr
Va= Voltage of aggressor v= velocity of the signal
Vf= Voltage noise in the forward kr= FE coupling coefficient

X VX k¢

TeraBit Solutions Limited www.terabitsolutions.com

2015-04-10

71



Coupling

Example of coupling coefficient

W
2 k s
.5 5% ‘\\ Stripline
O \
E= N
[ ¥
S \
g | Microstrip \1
§ =
>
o N
9] AN
\\
0%
S=W S=2W  S=3w
Coupling decreases exponentially with the distance of two lines.
Space >= 3 x Width, it's <<1%.
TeraBit Solutions Limited www.terabitsolutions.com

Crosstalk trend in Microstrip and Stripline

=

—

v'Stripline builds stronger coupling with reference planes than microstrip
VIt exhibits less coupling to adjacent lines = less crosstalk

v'For stripline, mutual capacitance and mutual inductance are more balanced.
VIt makes less far-end crosstalk noise.
v'Thick solder mask on microstrip or embedded microstrip can reduce crosstalk.

v'Strong coupling with reference plans makes more capacitance and lower
impedance.
v'Lower impedance exhibit less coupling to adjacent lines.

TeraBit Solutions Limited www.terabitsolutions.com
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Xtalk measurement

<The setup for Far-end Crosstalk measurement, differential>

I 0.6mm

Victim I 0.9mm

Two tightly coupled differential lines, 0.3x0.3x0.3mn
Space between differential lines: 0.6mm

Coupled lines length: 220mm (8.67inch)
Total length: 333mm (13.1inch)

TeraBit Solutions Limited

www.terabitsolutions.com

Crosstalk Measurement

Setup for NEXT measurement

Setup for FEXT measurement

Test Board_Crosstalk
[

25.00m

'vaggressor= 400 mvdiff

5.000m 20.00m 3
0P YT L “T,=55ps
1
-5. 000m 10.00mp} ’vfgrward= 18mV
0. 00m 'vaggressor= 400mV e 5. 000m FEXT=4.5%
1. 0om *Vibackward= 2.5mV 0.000 vx/‘)é éb\M—www——»»/va«
*NEXT=0.6% -5. 000m
~20.00m
-10.00m
s oo -2n -1in = in 2n lﬁl AN -15.00m

1,453 450 3.45n 4.a5n 5.45n

TeraBit Solutions Limited

www.terabitsolutions.com
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Crosstalk Measurement

Setup for NEXT measurement- un-terminated Setup for FEXT measurement- un-terminated

' [ ' . A 93

15.00m
10. 00n
5.000m
0.000 b A
-5..000m

-10.00m

-15.00m
1

TeraBit Solutions Limited www.terabitsolutions.com

FEXT affect on EYE diagram

diagram

‘;‘mé

Xtalk test board

6Gbps data(Asynced with data) via aggressor

TeraBit Solutions Limited www.terabitsolutions.com
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)( Example of Xtalk on EYE diagram
——

X

2Gbps PRBS,

‘

TJ=106ps

w. 200MHz Sync clock on aggressor -
; S —
RN i et T)=146ps | ‘. ¢

w. 6Gbps Async data on aggressor
T)=184ps;

www.terabitsolutions.com
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x Example of Crosstalk in Frequency domain
[PIRD 5dd21 Log Wag 10.00de,/ Ref 0.000de [F4 Dav]
b “
o |-y A\ Jass f ‘\,"J ‘,'I. Y '\l‘,"! - ‘f'/\ e . e T
/ \fr U "a" ! Spec: > -26dB
o |

v'Far-end Noise(Xtalk) with and without termination, test board

v'Far-end noise(Xtalk) spec of Displayport standard(1.1)

www.terabitsolutions.com
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T

Fundamental of EYE diagram and Jitter

TeraBit Solutions Limited www.terabitsolutions.com

X What is the Jitter ?

= What is jitter?
“The deviation of an edge from where it should be”

— ITU Definition of Jitter: “Short-term variations of the significant instants
of a digital signal from their ideal positions in time”

-( Jne Unit Interval

Sometimes

Reference edge [~

F

Sometimes

It"s here

Jitter is @ major signal integrity problem at high speed aata rates

TeraBit Solutions Limited www.terabitsolutions.com
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X

Why Do We Care about Jitter

= Simply put, too much jitter causes errors.

it

Data i T
HHi
Clack A

TeraBit Solutions Limited

www.terabitsolutions.com

X

Jitter Concept and Terms

Ideal Edge Measured
/ Positions \ Wavefovm/
' '
' 1
I 1
T '
B P1 i o
v i P3
' '
Cc2=P2-Pi C3=P3-P2
Period Jitter vs. Cycle-Cycle Jitter vs.

v'Period Jitter (PJ))

v'Cycle to Cycle Jitter(CCJ)

v'Time Interval Error(TIE)

TeraBit Solutions Limited

www.terabitsolutions.com
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x Time Interval Error (TIE)

v'Jitter showed in EYE diagram is TIE

Fle Edit Weticd Hoizlscq  Trig  Display  Cusos  Measuie  Masks  Math  Uiies  Help

Cuis1 Pos

Curs2 Pos

|Hitz{Hz) 11.05kkits

TeraBit Solutions Limited www.terabitsolutions.com

)( Construction of EYE diagram_method 1

Oscilloscope trigger at clock edges

| Y | ! | | v |
Clock

Eye Diagram

v'Draw EYE with each 1 Ul(bit) waveforms of realtime oscilloscope’s each acquisition
v'Two channel for clock and data acquisition
v'EYE with Long term monitoring or desired amount of Uls

TeraBit Solutions Limited www.terabitsolutions.com
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x Construction of EYE Diagram_ method 2

Real time Oscilloscope acquisition memory

S

v'Draw EYE with waveforms of each Bit from consecutive data stream.
v'Realtime acquisition with long memory required

v'Parameter’s consecutive change over time (time trend) can be observed
v'Relatively short time acquisition than other method

v'Post processing software required

TeraBit Solutions Limited www.terabitsolutions.com

x Construction of EYE diagram_method 1

LM,‘ ‘ ThggerEo Sampiing ‘ ‘
«— Point

TP 000QO0POOOQOy—
v L v

0 o o
FARY Y FARY
Lobeoedoboo0d-02 -

v'Draw EYE with sample points of each trigger event

v'Sampling oscilloscope (or ET mode in Realtime Scope) method

v'EYE over long time change

v'Higher bandwidth, lower Jitter and noise floor on Sampling oscilloscope

TeraBit Solutions Limited www.terabitsolutions.com
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)( Reference Timing (Ideal Edge Position) for EYE/Jitter

v" Clock signal

v Explicit Edge
(e.g. LVDS, TMDS) :

'
' '
tRIP1 tRIPO tRIPG tRIPS tRIP4 tRIP3 tRIP2
R Cry

v Suppose Constant Clock

v" Clock recovery (Embedded clock on serial data)

TeraBit Solutions Limited www.terabitsolutions.com

x Clock Recovery _ Embedded clock

Data

Rx
+ PR
AT e 0" [

Clock Recovery
and PLL Loop BW When PLL Loop BW is narrow

>recovered clock has low jitter E
-> Measured data jitter is high

Pt Voltage Controlied

| Phase Detector Nigﬁﬁr Oscilator (VCO) [
L \
Basic CR Block Diagram When PLL Loop BW IS W'de.. /\/
recovered clock has high jitter
->Measured data jitter is low l
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)( Many Jitter Terms

= Random Jitter (RJ)

= Deterministic Jitter (DJ)
— Periodic Jitter (PJ)
— Sinusoidal Jitter (SJ)
— Duty Cycle Distortion (DCD)
— Data-Dependent Jitter (DDJ)
— Inter-Symbol Interference (1S1)

= Total Jitter ~ (TJ or TI@BER)
= Bit Error Rate (BER)

= Eye Width @BER
— versus Actual or Observed Eye Width

TeraBit Solutions Limited www.terabitsolutions.com

)( Jitter Decomposition

Total Jitter(TJ)

Unbounded Bounded

Correlated with Data Uncorrelated with Data
(DD)) (BUJ)
Duty Cycle Inter symbol Periodic(P)) ~ Non
Distortion(DCD)  Interference(ISI) Periodic(ABU))
TeraBit Solutions Limited www.terabitsolutions.com
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)( Random Jitter

v'Uncorrelated with data pattern
v'Common source:

Thermal noise, PLL of Tx, Noise of retiming in Tx

v'Unbounded, Increase with bit amount
v' Measured in RMS

Rjis
unbounded!

1-sigma or 7-sigma
RMS

TeraBit Solutions Limited www.terabitsolutions.com

)( Deterministic Jitter (DJ)

v'Repeatable, Predictable
v'Bounded
v'Correlated with data or Uncorrelated with data

Dj is
bounded!

Peak-to-
Peak
v'DJ component
=PJ / SJ : Periodic Jitter
*DDJ / ISI : Data Dependant Jitter / Inter Symbol Interference
*DCD: Duty Cycle Distortion
=ABUJ: Asynced Boundary Uncorrelated Jitter
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Deterministic Jitter
- PJ/SJ (Periodic Jitter/Sinusoidal Jitter)

v Uncorrelated, Bounded

v PJincludes any jitter at a fixed frequency/period.

v' Easy to measure

v Source: Power supply noise, Crosstalk, EMI | S

v SJis PJ at just one frequency :_': = =

\
=

i

I

ey

=

b i
S

-

i

i

T

i

i

e | g v B [ | @[ e ] e g ot oA
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)( “ Deterministic Jitter
- DDJ/ISI (Data Dependant Jitter/Inter Symbol Interference)

v'Correlated with data pattern
v'Bounded

v Source: Bandwidth limitation / Loss ‘ /,\ / N
\ /
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Deterministic Jitter
- DCD (Duty Cycle Distortion)

v Different Positive/Negative

Duty Cycle
1 1 1 1 Ii‘ 1 1 1
| | e
DD == :'-

v Non-symmetrical Rise/Fall Time

v Incorrect Detection Threshold

TeraBit Solutions Limited www.terabitsolutions.com

Jitter Spectrum

v'Each Jitter components can be distinguished in Frequency domain.

Y'Voltage  TIEY: Eye Diagram X Time: ¥ Time TIE1: Spectrum XFreq ¥:Time TIE1: Spectrum HFreq
1w (O] {30847 @ 147 588k (x1)] @ 20,923 @ 40.000M (x1)| @)
I5ps T |35.780p @ 326 000k (x2)| 3I5ps 0.025p @ 80 .094M (x2)|
e o @ 190414k (k) 205580 @ 10054 (0
3lps 30ps
PJ from SMPS PJ from 40MHz Clock
285ps /
20ps T
15p8
10ps
08V SEvEANGs W - Sps
N T
Uks: 8000950000, Tetal: 8000 950000
Av gkl LALANG L LEL LA L
-2ns -ns 0s ins 2ns 30MHz iz ToMHz S0MHz
'\
Random Jitter ISl is periodic in Spectrum
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)( Time Trend

Data

Jitter time trend shows that
this signal is suspected as an
aggressor

St Sl

Time trend of TIE of data

SSC measurement

SIGNAL POWER (dB)

TeraBit Solutions Limited www.terabitsolutions.com

x Aperiodic Boundary Uncorrected Jitter(ABUJ)

v'Jitter that is deterministic and uncorrelated with data can be
periodic or aperiodic.

Bounded

v'Periodic is easy to measure but,
Aperiodicis not.

Correlated \}vhh Data

v'ABUIJ is often caused by Xtalk D)

Upcorrelated with Data

GuUl)
Non
Periodic(ABUJ)

Periadic(P))

Puty Cycle Inter symbol
Distortion(DCD)  Interference(ISI)

ABUJ caused by Xtalk make RJ look bigger

<Jitter Spectrum w/o Xtalk> <Jitter Spectrum w Xtalk>
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Summary of Jitter acronym

e bounded/ correlated/ periodic/ -
Y unbounded uncorrelated aperiodic P
R?l?t?eorm RJ Unbounded  Uncorrelated Aperiodic  Thermal noise
Detej{;:rstm DJ Bounded Either Either Inter-Symbol Interference
Piﬂ?edrlc PJ Bounded Either Periodic Power supply feed-through
S|nJui;<:rdal SJ Bounded Uncorrelated Periodic Electromagnetic interference
Data-
Dependent DDJ Bounded Correlated Aperiodic  Impedance mismatch
Jitter
Dity CyEle DCD Bounded Correlated Periodic Clock asymmet:
Distortion Y ad
Non-uniform frequency
Inter:Symbol 1SI Bounded Correlated Aperiodic  response of a transmission
Interference i
Bounded
Uncorrelated BUJ Bounded Uncorrelated  Aperiodic  Crosstalk
Jitter
TeraBit Solutions Limited www.terabitsolutions.com

Phase Noise

v'Phase noise is fluctuation on the phase of the signal
v'Phase noise is correlated with Jitter in time domain
v'Clock signal only (50% duty cycle)

v'Highest sensitivity (fS)

v'Sideband power of 1Hz Bandwidth at fo

Level Amplitude
THz
f
Time Domain Freguency Domain
= e o Level ||
LA A ﬁ | fc fo

ATATRIE Frequency offset

1)
v

Phase Noise L(f) : dBc/Hz @ offset
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Jitter from Phase Noise

A= AREA =|INTEGRATED PHASE NOISE POWER (dBc)

A =10log,o(A1 + A2 + A3 + Ad)

_ Vi Al10
RMS PHASE JITTER (radians) =\/ 2+10

PHASE
NOISE \/ 2.16“1“
(dBc/Hz) RMS JITTER (seconds) I ——

2mfy
fo = OSCILLATOR FREQUENCY (100MHz)

INTEGRATE TO = 2 fg = 200MHz

‘ T
10k 100k M 10M 100M 1G
fm FREQUENCY OFFSET (Hz)

<Calculation Jitter from Phase Noise, source Analog Device>
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Phase Noise Measurement Example

R&S FSUP Signal Source Analyzer
Residual Noise [T1 wio spurs]

188 kHz
Frequoncy Dffsot

<source: Rohde&Schwarz>
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Total Jitter @ BER

v’ Total Jitter
v Estimated jitter for a large population: e.g. 102 bits

v BER: Bit Error Rate/Ratio
v' Method to describe expected or measured data stream error rate or
ratio of good bits to bad bits.

v Example: In 102 Bits, only one error is allowed => BER = 101

Measured EYE diagram and
estimated EYE open @BER

TeraBit Solutions Limited www.terabitsolutions.com

Total Jitter & Bathtub

BER Multiplier
DJ: Bounded - Peak value

TYPICAL PDFs 104 7438

s M,J i 10° 9.507

| peterminiatic | g Al ;jala-be!:annem-l 107 10.399

Jditter (DJ) — Jitter (DDJ) i = ’_T + oui

| — 109 11.996

o | NECC P 10-11 13.412
—,. ., S o Caoge D

I (R4 | ‘,.--' "-—Fij_) 10-13 14.698

RJ: Unbounded = No Peakvalue 105 15.683

v Total Jitter calculation from Dual-Dirac

Total = 7 Random + 7 Deterministic — 4y v+ ] Defenministic o
Jpp I ]pp l4x0 JlJlJ S - 5 hg
- Convert RMS to Peak-to-Peak for = |§E &3
0| & g

Specific BERs
- if 10712 BER is the goal and thus a factor of n*| --

14 is used 0T 057, EE
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2015-04-10

88



)( Total Jitter & Bathtub & Jitter Margin

System | 0.053Ul 0.457U1(430ps)

* 1063Skétapsl IMeasure L2@R8UHes, source: @Ktk 0.457U1(430ps)

> A 43e

TeraBit Solutions Limited

www.terabitsolutions.com

T

Measurement Setup(Test Points)
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Differential Signaling

V1
i3
g2l N TN o
w o
V2
vcommon
K]
IS \ / \ /
[
3 \ 1
=)

Vdifferential =V1-v2

Vcommon = (V1 +V2) /2
Single-ended V1=V mmon + — Vit

Single-ended V2= Veommon ¥ —

In AC coupled signal, Veommon is 0

TeraBit Solutions Limited

www.terabitsolutions.com

X

Test Point Consideration

Simplified TX/RX system

Channel

1\

TP1 TP2

TP3  TP4

Example of test point(TP)

TP1: Transmitter IC Pin

TP2: Output connector of TX board
TP3: Input connector of RX board

TP4: Receiver IC Pin

Q: What the signal at TP2 shows in this TX+Channel+RX system?

TeraBit Solutions Limited

www.terabitsolutions.com
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Test Point Consideration

V_TXpost 15
Clock Generator /LRX
A\IAVAV 11+
4
R=R_driver 7=70_ohms =
L=Len_m ]
. T 051
=50 Ohm TLine Parameters 5
Equation @
70_ohms=50 01
TD_ns=1
Termination Parameters
Equation
R_driver=50

14

uL A

Tx at TP2 and Rx at TP3,
Source Termination

Signal @ RX

TeraBit Solutions Limited www.terabitsolutions.com

Testing the signal quality of TX

TP2 is typical for TX device testing

v litter
+ vEYE diagram
v'Skew
v'Differential waveform
v'Common mode waveform(noise)
TP2 v'Pre/de-emphasis
v'SSC

In real world, caset Analyzer, Oscilloscope

Phase matched SMA cables V1,V2

vd
Vc

TX Test Fixture . " 500hm FE termination by
internal resistor

v'Loose(No) coupled differential signaling with Coaxial cables

TeraBit Solutions Limited www.terabitsolutions.com
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Testing the signal quality of TX

In real World, case 2 SMA type Differential Probe

+

}O

500hm FE termination by

TX Test Fixture internal resistors of probe Analyzer, Oscilloscope
V1, v2
In real world, case3 vd

2x single-end Probes to 2ea channels Ve

+ Differential Probe

) o
Test Fixture
s reference RX 50 or 1000hm FE termination .
on the fixture Analyzer, Oscilloscope
TeraBit Solutions Limited www.terabitsolutions.com

Testing the signal quality of TX

This transmission channel of PCB can affect the signal quality of TX chip.
Test this channel > de-embed this effect from the measurement: S-parameter is used(S2P, S4P)

Test Fixture
connected to

Probing on BGA

pads of TX Chip. ... . Sos =Fi b G D, | . output
This : : - connector. This
case, Gigaprobes case, SATA
TeraBit Solutions Limited www.terabitsolutions.com
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x Testing the TX signal quality at RX

In real world, typical

Channel

Differential Probe

TP4 could be FE termination resistor, IC pins, PCB patterns
near RX pins, Vias.

Vd include channel

With 2 of single-end probe:

Independent two single-end signal o O
Common-mode

Intra pair skew

Analyzer, Oscilloscope

Switchable Multi mode Probe(Differential & Single & Common)

TeraBit Solutions Limited www.terabitsolutions.com

x Testing the channel quality

Analyzer;

TDR/TDT

VNA RF connectors
+ Probes

./ Fixtures
Ve

Channel

\ |

TP2 TP3

v'Characteristic Impedance

v'Loss / Reflection in Time domain (TDR, TDT)

v'Loss / Reflection in Frequency domain (S-parameter)
v'Time Delay and Skew

v Crosstalk

v"Mode Conversion

v'"Waveform/Pulse Response

TeraBit Solutions Limited www.terabitsolutions.com
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x Example of Channel testing setup

Case1, Pad to Connector Case3, Pad to Pad
Use Probe and Fixture Use two probes

Case2, Connector to Connector
Use two test Fixtures

Case4, RF connector to RF connector
Use RF connectors

TeraBit Solutions Limited www.terabitsolutions.com
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Q&A
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Thanks !
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