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Agenda

» TDR resolution and accuracy
» Differential transmission line
» How to make test coupon
»Other TDR/TDT measurement



Signal Integrity Issues

» Control of characteristic impedance is becoming more
Important as digital system designers seek faster speeds.
Mismatches and variations of impedance cause reflections that
add to system noise and jitter, especially with fast signals. This
can lead to data and logic errors and severe, hard-to-identify
reliability problems.

» Loss include dielectric loss and skin effect loss in high speed
digital system also impact the signal integrity it will cause the
DJ component like ISl

» High speed digital system have high bandwidth will cause high
frequency couple -crosstalk



eSerial: the basic blocks of the serial DATA link

4 | June 16, 2009

» Transmitters

[TX+

Differential
Transmitter

» Interconnects (paths)

+ + + + + path +
-—o:>—»): 000000 O
) path ) - path - -
Dual-coax Twisted-pair Coupled-pair traces
differential cable differential cable on circuit board
(backplanes)
» Receivers T
Differential
Receiver
Confidential

Tektronix:



eSerial: DATA is generally transmitted across the interconnect without
any clock in parallel

[ Tx +||+ path +(] + Rcv

path

Tx 3 path F ( 3 path C ‘ Rcv
path

N/ N/ N/ N

|

Transition points often involve combinations of solder joints,
circuit board vias, and connectors: these all can have
substantial effect on the total link performance.

5 | June 16, 2009

Confidential
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TDR Fundamentals —
Impedance Change-simulation result

» An impedance change in the transmission line will cause a
change in the waveform of the incident waveform that will make
your system fail

54o0hm 1500hm

N

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

_______________________________________

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

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

[N ' ' '
--------------------------
[ |

""""""""""""""""""""""

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

| Tektronix:



eSerial Interconnect: LOSS The faster the data rate and
the longer the interconnect, then the more loss in the signal

Clean, open, logical 1 & 0 at
launch from transmitter

Logical 1 & 0 can be hard to
distinguish at end of long
interconnects; (this is often

called a “closed eye”)

+ | + Rcv

Fast, sharp, edges at
transmitter launch

meared edges at end of
long interconnect.

Click here to go to a detailed backup slide showing pre-emphasis
methods used to help overcome interconnect loss and ISI effects.

Reference Maxim Note HFDN-27.0 (Rev. 0, 09/03)

Tektronix:



eSerial Interconnect: Precision Low noise, higher
resolution, best fidelity often needed by designer:

= " i

| 6.25Gb/s at Tx launch into backplane | 6.25Gb/s at 17in (43cm) of backplane 6.25Gb/s after 34in (86cm) of backplane

Small differences in levels being measured




Effects of active Pre-emphasis & the need to

Tl B 1meter Smeter 10meter 15meter 20meter
wl k= 245WG 24AWG 24AWG 24AWG 24AWG
== 3.125Gbps 3.125Gbps 3.125Gbps 3.125Gbps 3.125Gbps
K% _ . - -
= / e
,:P ..-../" i . _-J,' . i _— L B —_'
o 010 ) B ._-"—-'--_-_;_-_-_.-_ ._'—-3 ] e e
$960mV <>300ps #240mV < 200ps
oW ra
S e s — — -
[13]
= _
j='R
=
e
[ah]
all]1
=
E > > X N
=
E o o e = et - - - oy 2 = et -
220mYV < 290ps i 240mY <= 270ps r240mY < 290ps #190mY < 290ps $100mY <= 270ps

Reference Maxim Note HFDN-27.0 (Rev. 0, 09/03)

Click here to return to original slide




eSerial Crosstalk: In many cases there are
multiple “lanes” of serial data.

Serial data can be a
single differential

+ E Rcv
‘-' - |

...but generally there are multiple
“lanes” of serial data running side
by side; these can CROSSTALK
with each other. 27
™ 4+
X+

T cv
+ > + IN\Rcv >—
I +A_ = + Rcv
- P

Y




Impedance Measurement with TDR

» ime ~omain eflectometry - a measure of reflection in an
unknown device, relative to the reflection in a standard
Impedance.

» Compares reflected energy to incident energy on a single-line

transmission system.
— Known stimulus applied to the standard impedance is propagated toward
the unknown device
— Reflections from the unknown device are returned toward the source

— Known standard impedance may or may not be present simultaneously
with the device or system under test



TDR Overview

» At high-speeds, interconnect limits system performance.

» It is desirable to characterize and model interconnect to predict
the performance early in the design phase.

Impedance
Change

Incident Energy

Transmitted Energy

Reflected Energy



TDR Fundamentals —
Applied Step Signal

» Starting with a transmission line with a characteristic
Impedance Z equal to Z,

» A fast rise-time step signal is applied at the transmission line

Input point
Propagating
Step

Transmission Characteristic
Line Impedance Z = Z,

» The step signal will propagate down the line

Step
Source

| Tektronix:




TDR Fundamentals —
Impedance Change

» An impedance change in the transmission line will cause a
change in the amplitude of the propagating step

Impedance
Change Point

Impedance
Change Point

Step
Source

Impedance Z, =

Characteristic
. Impedance Z,>Z,
Characteristic
ZO




TDR Overview - Typical System

g
J Sampler

WI—’_ <I_ Reflections
/ > \

Incident Step

Tektronix:




ET-RT Basics:

ET - one-sample-per-trigger, repetitive pattern required for pulse streams

Data

Minimum time between
equivalent-time sampled
points on high bandwidth
8000 scope can be adjusted
to fractions of a picosecond

voltage —

M e
Pattern Sync
-------- | Precision variable delay I

A trigger is required for EACH
sampled point in the high
bandwidth equivalent-time
8000 scope

> An equivalent-time 8000 series sampling oscilloscope requires a
trigger signal: this is generally a user-supplied clock, a recovered
clock, or a pattern sync signal synchronous to the signal.




eSerial: Interconnect itself Characterized using
Time Domain Reflectometry (TDR)

TDR
(80E04)

Sampling Scope display of TDR waveform

Voltage (or impedance)—»

Time ——

» TDR on an Equivalent Time scope Is used to measure the quality of the serial
data interconncet: A step is generated and returning reflections are sampled
(it’s like radar for serial data cables and boards)




eSerial: Differential TDR is used on differential
Interconnects.

TDR
(80E04)
1 ¥ + 1+ NRev

Voltage —

Sampling Scope display of two TDR waveforms

Time ——

Two TDR sampling channels allow the differential impedance between the
DATA+ and DATA- eSerial paths to be measured.

>




eSerial: TDR is commonly used in design and
manufacturing test of eSerial Interconnects

TDR is a key tool to find where bad
interconnect sections may cause

poor DATA quality.

L~

Voltage —

Sampling Scope display of TRR jyaveforms

Time ——

TDR can test passive eSerial Interconnect to characterize where poor quality

>
will exist when Gbit DATA Is sent through It.

Tektronix:




TDR Overview

TDR Waveforms - Open, Short and 50Q2 Termination

Amplitude
+1p A

Open (Z = %)

Reflected
(Z =500Q)

Incident

Short (Z = 0)
—

I I
t 4 Time



TDR Overview - Lumped Discontinuities

_f_ O -———

_/_ I v

LT

—OZ)—fTTT\_]:_IH‘-OZ)— n




System Performance Limited by Interconnect
between ICs

Package Lead Circuit Board / Bond Wire

IC \ / Trace

Output Input
Driver Receiver

Circuit Board
Package Model Transmission Line Package Model

GOAL: Predict performance by simulating the interface between ICs




Ideal Transmission Line

» Amount of current is a function of the voltage and the
characteristic impedance.

» While the step is propagating, z, and r
divider.

source OrM a voltage

» Termination determines what happens at the end of the
transmission line and what energy, if any, is reflected.

RSOURCE

Y\ VYV LYYV

— 00O
\

J
|
J
|




TDR Overview - Microstrip Discontinuities

—

Volts or p

Connector duct chuit‘
Capacitive Inductive
Discontinuity

< iscontinuity
\Incident Step

Round Trip Time

| Tektronix:



IC Package Example

Bondwire IC
|
_ Package \
Physical Structure ——
Circuit Board

Pin

L Ly, 1y L
Equivalent SPICE Model —W—O )W

TDR Trace



Bond wire
Trace ./>

subtrate

| Circuit Board

Coax probe
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Bond wire

e ) |
subtrate \

/ Circuit Board

Trace

Coax probe
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Bond wire
Trace -

subtrat2

Circui: Board

Coax p-obe
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TDR Overview - Reflection Coefficient and
Impedance

Reflected Amplitude ZT ) Zo

Rho (p) = =
P) Incident Amplitude ZT+ZO

Where Z represents the trace impedance

1+p %Pﬁis a known impedance
=/ (the characteristic impedance of the TDR system)

1-P p IS measured by the oscilloscope




TDR Overview - Measuring Impedance

+1p J
Reflected Ste Cursor [l at Curdor 2|at
Rho (p) = P N~
() Incident Step 50 Qefle,ct|o|n

Referenc romi Lo

M

=TT

— 1 Division Ling Resistor

5 Divisions

= 0.2 0.-2p

div ——

1+p

RLoad: ZO 1-p

1+.2

200ps/div



TDR Resolution

» No TDR Measurement is Ideal
— Risetime limited on TDR Measurement Device
— Interconnect Limited by Parasitics

» TDR Reflection will last as least as long as the Incident Edge

» Insufficient TDR Resolution
— Rounds out Edges from Discontinuities
— Causes Two Closely Spaced Discontinuities to be Smoothed Together
— May Lead to Mis-Interpretation of TDR Reflection
— May Lead to Inaccurate Impedance Readings



TDR Resolution Limitations

File Edit Wiew Setup Utiities Applications Help |0%Waveforms | Tekironix ;ILI
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» TDR resolution is related to system risetime

— Reflections last as long as the incident step and display as long as the system
risetime

T ( resoifution ) = % T R system )



TDR Resolution

» Resolution Factors

TDR Edge
— Rise Time
— Settling Time
— Foot and Preshoot

I

I

I

I
——r

I
4

» Resolution Factors

Interconnect

— Cable quality

— Connector quality
— Launch quality

T—

Settling Time

«— Rise Time

Preshoot — |



TDR Resolution

» Rule of Thumb:

— Two Discontinuities will be Indistinguishable if Separated by less than Half
the System Rise Time

» System Rise Time is Characterized by Fall Time of Reflected
Edge from ldeal Short at Test Point

» System Rise Time Approximated by:

. 2 2 2
TR(system) o \/TR(stepgen) + TR(sampIer) + TR(interconnect)



TDR Resolution
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TDR Accuracy Factors

» Test System
— Launch Parasitics
— Cable Losses
— Multiple Reflections
— Interface Transmission Loss



TDR Accuracy - Test System

» Launch Parasitics
— Effects are like those of Aberrations in Step and Sampler
— May not be repeatable

» Cable Losses
— Apparent Z Increase over Time
— From Interconnect or DUT
— Caused mostly by Skin Effect
— Times Involved can be Very Long



Cable Losses
TDT response of 1 meter RG-58
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TDR Accuracy - Test System

» Multiple Reflections

— Can Appear Anywhere in a Waveform
— Can Look Like Anomaly or Z-shift

— Are Predictable

— Might be Controllable

» Interface Transmission L0SS



Launch Parasitics

» The goal is to launch a fast rise time signal and maintain fidelity

» Considerations:
— Small ground loop
— Minimum crosstalk
— Reliable physical connection to the DUT
— Distance from the ground plane



Launch Parasitics

fnphd
trig'd
g

Tek

e Cittsnrs

Direct SHMA

Det T

Tektronix:



Examples of Launch parasitic

With 80E04 module , 26.5G cable and semi-rigid
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TDR Accuracy - Test System

» Interface Transmission Loss

— Only a Portion of Energy in Step Striking Interface is Transmitted

— Only a Portion of Reflection Passing Back Through an Interface is Returned
to Source

— Reduction is Significant when Impedances at Interface are Substantially
Different (e.g. 50 and 90 Q)



Interface Transmission LOSS

Effect of Multiple Impedance Discontinuities

Z,=50Q Z,=90Q

<L ) ) (Open)

1.286

\/

0.286
.286

\

0.918

\

p=0.918in a50 Q system is 1170 Q!




Multiple Reflection Issues
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Interface Transmission LOSS

» Effects are Linear
» Can be Deconvolved (Iconnect)
» Impedance Readings can be Corrected

» Can Calibrate Once and Subsequent Measurements Corrected



TDR Accuracy Improvement
IPC - TM - 650 Method

» Eliminates These Errors
— Step / Sampler Offset
— Step Generator Amplitude Error
— Sampler Gain Error (Single Gain Setting)
— Most Aberration Errors
— Long Term Drift / Temperature Effects
— Skin - Effect Loss Errors
— Interface Transmission Loss



TDR Accuracy Improvement - Steps:

» Preliminary Steps
— Preset TDR
— Turn off Rho Cal
— Turn off Baseline Correct

— Hook Up Probe CALIBRATED AIR LINE

80EO4

| Tektronix:




TDR Accuracy Improvement - Steps:

» Measure Probe Impedance with Air Line

— Disconnect Air Line and Measure Size of Step Incident on Air Line V,,
as Modified by Passing Back to Sampler.

W Open
[ VI

— Probe

— Re-connect Air Line and Measure size of Step Reflected from Air Line
Vi, as Modified by Passing Back to Sampler.

r Open
— Probe LVr |

Air Line

— Caleulate Zopoge:  Zproge = Zarume(Vi - V) 7 (V) + VR)



TDR Accuracy Improvement - Steps:

» Measure DUT Impedance

— Disconnect DUT and Measure Size of Step Incident on DUT V,, as
Modified by Passing Back to Sampler.

N Open
I

— Probe

— Re-connect DUT and Measure size of Step Reflected from DUT V.,
as Modified by Passing Back to Sampler.

Open
|VR |

— Probe DUT

— Calculate Z;: Zour = Zeroge(V, + VR) /1 (V, - Vp)



TDR Accuracy Improvement - Advantages

» Reduces Problem to Three Critical Measurements
— Probe (Secondary Standard) Impedance Z,goge
— Incident Step at DUT V,
— Reflected Step from DUT V,

» Uses Primary Traceable Standard (Air Line)
— Can be Sent to Standards Lab (NIST)
— Can Also Use Internal or "Golden" Standards



TDR Accuracy Improvement - Caveats

» Always Measure with Last Line or DUT Open Circuited
— Eliminates Step Amplitude Change with Loading

» Always Measure Same Distance From Beginning of Step
— Reduces Sensitivity to Aberrations, Dribble-Up
— Reduces Chance of Measuring Re-reflections

» Minimize Probe / TDR Cable Length and Loss

» Use Short, Repeatable Connector Between Probe and Air Line or
Probe and DUT



TDR Accuracy Improvement - Caveats

» Keep Probe Impedance and DUT Impedances Close to One

Another

— Keep Baseline and Topline on Same Screen
— Vi will be Small, Making High Accuracy Possible
— Sensitivity to Accuracy of Vy will be Very Low

» Keep Interconnect Impedance Between Probe and DUT Likewise

Close
— Avoids Re-reflection Problem



Agenda

» TDR resolution and accuracy
» Differential transmission line
» How to make test coupon
»Other TDR/TDT measurement



Types of Coupled Lines

» Symmetric Coupled Lines - "Differential™ or "Balanced"
— Homogeneous
— Inhomogeneous

€R
» Non-Symmetric Coupled Lines - "Unbalanced™

N 22—

€R




Odd and Even Modes

7/

Odd Mode Even Mode



Model for Symmetric Coupled Lines
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Characterizing Symmetric Coupled Lines -
Odd Mode

O VA O
|

Zoga = (RN Ry



Characterizing Symmetric Coupled Lines -

Even Mode
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e
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TDR Measurements —
Differential TDR Measurement

With the signal integrity issues many designs have
gone to differential transmission lines to achieve:

» Higher noise immunity due to common mode rejection

» Less radiated noise due to canceling fields

» More precise timing characteristics

» Less crosstalk due to noise immunity and less radiated energy

» Less power supply noise due to current transients



Almost-Differential Systems

+
i
80E04
i
rno o Ch1l
/ \. \_/
/\
N/ .
time
rho
N/ N/
Ch 1 -Ch. 2/
time




TDR Measurements —
Differential Clock Coupling

» Attempting to measure the two halves of the differential pair
separately can produce misleading results

» Two traces in close proximity tend to read a lower impedance
than their characteristic impedance as a pair

» Proper characterization of the differential impedance of the
transmission line to maintain voltage and timing margins




TDR Measurements —
Differential TDR Measurement

» A differential TDR measurement is performed much like a
single-ended TDR measurement

» Use two TDR sampling head channels with the step generators
set to opposite polarities

Tektronix:



TDR Measurements —
Differential TDR Step Timing Skew

» Another important consideration when making differential TDR
measurement is the alignment of the TDR step pulses

» The positive and negative going TDR steps must be adjusted so
there is not any time skew between them at the transmission
line launch point

Fle Edi View Sewp Utiies HelpTiiggered [Waveloms=0 e 2x
S5 £ |w|ni|c |Rinin] scatode [versge ] TifimomaiTior Vet | Hoiz | dea || Tig
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Agenda

» TDR resolution and accuracy
» Differential transmission line
» How to make test coupon
»Other TDR/TDT measurement



Test Coupons

» TDR Test Line Added to Every Circuit Board Panel

» Serves as Referee for Acceptance of Impedance
Requirements for all lines on Circuit Board

» Must be representative of Lines



Use of Test Coupons

» Use test coupons when:
— Cannot access end of actual lines for measurement
— Don't want to perform 100% test
— Verifiable evidence needed

» Test coupon should be representative of
— Board material
— Board layering and construction
— Metallization process
— Circuit environment



Test Coupon Rules

» Use representative line width, copper weight, dielectric
thickness, dielectric type, and solder mask

» Have full ground under lines
» Don't Drill or Remove Board Material Nearby

» Locate Coupon in Panel where conditions of Plating,
Lamination, and Etching are average.

» Stay within image area of Panel.
» If Isolated, Balance Plating Density nearby



Test Coupon Rules

» Keep clear of metal within 2.5 mm or 5 Line Widths
(whichever is greater)

» Provide sufficient line length relative to TDR resolution (150
mm)

» Consider Type of Connection
— Provide clean connection capability
— Provide ground at launch points



Characterize Impedance(1)

COAXIAL CABLE

Tektronix:



Characterize Impedance(2)

WIRE-OVER-GROUND



Characterize Impedance(3)

— W —
Ij | H Micro-strip-line
5.98*H
Z0 = 87 Lin( )
V S, +1.41 O8W +T



Characterize Impedance(4)

5.98*B
0 = 87 |_n( )

V Er +1.41 0.8W +T

E r =¢[1-exp(-1.55A/B)]

Embedded Micro-strip or Coated micro-strip



Characterize Impedance(5)

A
L WITLW
| J—
120 A
Vsr W+T
Side by side



Characterize Impedance(6)

.
377 H
H Z0 = — Ln] —]
Vigr Y,
l_: T
W | W >>H and H >>T
Flat Parallel



Characterize Impedance(7)

H
D A T Strip-line
H< W =
60 4D
Z0 = — Ln|
Vigr 0.67 ® (0.8W+T)



Characterize Impedance(8)

power
[ALL‘ signal
. I | T
5 Dual-strip-line or
- Asymmetric strip-line
A
80 1.9(2A+T)
0 = — Ln]| 1- A
ol (0.8W+T) ]X[ 4(A+B+T) !



Agenda

» TDR resolution and accuracy
» Differential transmission line
» How to make test coupon
»Other TDR/TDT measurement



DUT TDR / TDT Measurements

» Cross-Talk
» Moding
» Transmission Line Losses

» Transmission Line Dispersion



Crosstalk

» The Coupling of Energy from One Line to Another

» The Three Elements Contributing to Crosstalk:
— Port Terminations
— Stimulus
— Moding on Transmission System

» Generalities:
— Proportional to the Line Length
— Proportional to Rise Time of Driving Signal

— Can be Positive or Negative
(Inductive or Capacitive Coupling)

— Both Forward (Near-end) and Backward (Far-end)
— Non-Characteristic Port Terminations Make it Worse



Crosstalk Measurement Techniques

» Set up TDR on Aggressor Line
» QObserve Victim Lines with TDT
» Take Care to Terminate All Other Lines

» Use Filter to Simulate Actual System Speeds

+ /-

1|0
80E04

—/

Tektronix:



Serial Data Crosstalk: TDR/TDT is a Tool to

Characterize This Difficult Problem

a TDR step generator can act as a
stimulus for crosstalk measurements
in place of an expensive signal generator
or a 4-port VNA

One or more differential samplers can be used on the
far end of the interconnect to measure the amount of
crosstalk that is coupled into adjacent serial lines. (Or
similar samplers can be used at adjacent launches to
measure the near end Crosstalk)

TDR
(80E04)

80EOX Sampler

+ +
—

2-channel

>

D

Tektronix:




More TDR Measurements — TDT Transmission Line

Coupling and Crosstalk

» Mutual coupling and crosstalk between signal lines can be
characterized with TDT measurements

» Apply the TDR step on one signal line and measure the signal
strength on the other

File Edit “Wiew Setup Utiities Help [Triggered T Tekmonix 7] x|
S| | 5 || ni|c |FnmsER| Acaoce [2verape =] Trginemal ook =] _~[FE0 Mﬁl
Pulse =] [Ampiuce =] || ._n|m|m|ﬂ|m|m|7=|3=|.¢|¢|% :lv\lE_;.L g
' i 7 T ; ; 7 = v
1 2.000m Weliv

3=

, , , | I . , | |
M1 a | [2.000mr B 500 W a || [oonrs mf=] oo 2:36 PM 5/6/02
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Crosstalk

[ - N Cursors Window FFTmag Def Tra
>
T
AU Tl b LU L Lo . Al N
lns Edge
Vertical Horizontal|l Acguire [Graticules Main Size
Desc Desc Desc 1Bns-diwv
Aug (M2 Main Aua# >16 Single Main Fos
Fast @ 512 pts s, Y 49.6ns
Sampling Save Trace| More... RemowesClrlPan~
Head Frnc's Desc Trace 2 [Zoom
Trace Aug (M2) 0ff
Status Main
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Crosstalk Cures

Smaller Loop Areas for Inputs and Outputs
Slower Edge Speeds

Series Resistance at Driver

Reduce Capacitive Loading

Use More Grounds (Z.,., smaller)

even

Randomize Periodic Shielding Geometry

vV v v v v v v

Reduce Common Run Lengths, or Route Signals at Right Angles
over Common Ground Planes

v

Isolate Synchronous Busses
» Use Differential Circuit Design



Moding

» n - Multiple Lines Have n - Distinct Propagation Modes

» Each Mode Orthogonal
— Coupled line even mode is (1,1)
— Coupled line odd mode is (1,-1)

» Each Mode May Have Unique Propagation Velocity
— Crosstalk May Invoke Several Modes

— Unique Mode Velocities May "Spike" Responses at Ports Due to
Arrival of Moded Signal Components at Different Times



Minimizing Moding llls

» Employ Full-Mode Terminations - see Differential
Transmission Lines

» Keep Mode Velocities Equal by Keeping Dielectric
Environment Equal, or Use Buried Runs (Homogeneous)



Transmission Line Losses

» Affects TDR and TDT Measurement

» Loss Mechanisms
— DC resistive losses
— Skin effect losses
— Dielectric losses
— Coupled losses (crosstalk loss)

» Generally, Skin Effect Losses Dominate at Microwave
Freguencies



Cable Loss

TDT response of 1 meter RG-58

— Cursors FFTmag Def Tra
-Z.H833e

0.8%/div +<— 100%

—8Bme
sdiv

not!
trighd

-1.953p—
37ns Sns diwv B7ns
Vertical Horizontal Graticules
Desc Desc
STOZ Stored |deeppeed Single

High Prec [@ 5172 pts S, p -1.993¢0

Sampling SSmy;dii More... Remowe~ClrlChan

Head Fnc’s l/ Trace 1 Sel
Trace ST02 Calcd
Status Tra




Transmission Line Dispersion

» Propagation Velocity Changes With Frequency

» Generally Faster Components in Signal Propagate at Slower

Velocity
— Foot or Baseline of Signal has Slow Corner
— Topline of Signal has Ringing

Slower component leads

N



TDR Alternatives

» Simulation

— Tools such as Electro provide simulation of impedances for Z-symmetric
geometries

— Real world issues with variations in geometry, dielectric constant, loss
tangent, etc. must be included

— Quick and easy for initial design
— Once built, use TDR to verify and debug impedances



TDR Alternatives

» Vector Network Analyzer
— Frequency domain measurement tool

— Separates and measures incident and reflected energy to device under
test

— S-parameter domain
— Correlation to TDR waveforms

S,y = fft[g (TDR _ reflected _ Waveform)}
ot



23TDA Systems, Inc. IConnect® Software

» Measure board impedance and propagation delay
— Analyze failures, resolve smaller discontinuities

» Predict eye diagram degradation using lossy line model and
eye-diagram display

» Model crosstalk and jitter in a differential line

» Model reflections and ringing in a trace on a PCB, including
connectors, sockets, packages

» Validate models from field solver using IConnect integrated
Interface to SPICE simulators

» Analyze losses and resonances using S-parameter computation

» Obtain package or connector parasitics



TDA Systems, Inc. IConnect® Software

A~ IConnect - Frequenc [ -10] x|
2GHz 4GHz EGHz 8GHz 10GHz 12GHz
08 —-qE(Mho) E
1048 iﬁi\"ﬁ“ e @%— 511
o ' TARN ,ﬂ—\m Sls21 . SPICE / IBIS
Enda_gnﬂly?ﬂ Frequency I | UI [ &Slmulatlon
omain 5 —IDIEI . .
-40dB
anz dnz Brs EBnsz (BHSSp_Ice’ PSp|Ce
2009
TDR > 1509 Phds | ] x| pice)
100°— 150m' Correlate SPICE 7
50 . . |E| b eazure. winn
i U 00y simulation to TDR Simulate i
TDS8000 1885_ y d measurement | :
g B0y '? |
Predict and Display
- Losses, Eye Diagram
— T0R | Scattering | ALGC  Eve Diagram

T

Open.cir

04

‘| |

TOR_Sou[Coupled.clLumped 1| Open.cir j‘

_fU'U'U]IA/\/\/\_l

i

-
i

Lozs Parametens

Flde AT0m |
G 1490 5

Bas 20n LHZ
Bl ¥2p| S/Hz
L. M0.7n H
Ce| 224pF

T o o o e

Field Solver
Analysis




What is IConnect®?

[:]I[Znnnect - Frequenc 1Ol =|
> ICOIjnept TDRand VNA software 2GHz 1GH2 BGHz 8GHz  10GHz  12GH:
for gigabit digital interconnects: L aepah ——
— Quick SPICE 10dB Wyﬂvnvnmm oy @‘%— 2121
modeling and analysis o maze Frequeney 1 V| Ve |
- D i \~ IConnec 2 [ =
— Easy and accurate .4Dda_$i"= ORI =0l x|
measurements 200°
i i : Hgg*Ph & 150 B =
» Electrical compliance testing soo AT Correlate SPICE /" V] Measure wim
Elg TA'ANINL 1|j|:Im,\‘,__smulatmns to TDR or [V] simulate.wim
— More _{ggn 1N WNA measurements / '
-150Y i
measurements 200° i i
.. . Fred, o s Perform efficient eye
- Eff|C|ent and fa|lure : ""L"' k[ﬂ : o Model mask. S-parameter
. nterconnect Link Analysis and Modeling 3umE|iance testinﬂ
anaIySIS TDFUT' 5If) Schematic IE_';'E Diagraml Lu:szamel:_:‘st | TDFa'r_l:m H:::,, EFEJ':;:W U
= - dcl . 1 'l_ L1 |
» MeasureXtractor™ /W_wfﬁmi E‘ = | 8
. T Lo Gac|  p G/H2 v
— Automatically convert TDR/T or S- ﬁgwl (! { N -
parameter data into exact frequency |/ TH‘ | [ ™ T T

dependent models
— Easily ensure SPICE / IBIS

simulation accuracy » Efficient, easy-to-use and cost-effective!
} » Works with TDS/CSA8200 TDR scope

2003 FINALIST




What is IConnect® S-parameters?

The easiest way to perform S-parameter compute: [5Fammee <]
measurements for digital interconnects D Saurce Wavafom Viewer

. . . . | TD ' aveform Wiewer 1 j

» Differential, mixed mode, single ended FD T arget Wavefom Viewar

| Mew waveform Viewer ﬂ

» Compliance testing for PCI-Xpress, Serial ATA, o
Infiniband, Gigabit Ethernet and other standards | ©oUT[oawm -

Ret. |Step.wfm j

Frequency content

» Basic calibration capability v Set manualy

Max Ak | 5M Hz
= 52 Correlation Between IConnect TDR sooftware and YMA wiv - Frequency Do... r:|ﬁ]m
Frnas | 10G Hz

Compute |

» Easily de-embed fixture effects

1% 1]

28

50

= =

1= insertionioss %I""EE Calibration

1848

% F'{“[T H‘. i q.l' ;_ Hhﬁ ,l‘ ﬁ W Uze 50 Okms calibration

e g | |1 " 14

K ,‘J"llk i W HH A \ 1 '&t" 1"5 \ Ref type: |Dpem’5hnrt j

100e i || | R '|

L;'Ep‘“ "II ,‘ e manaal : DUT Type: |In$ertin:|r'| |DSS.-":-j
Freq P Fid .

T F.m:H, ;_;MH, ﬂ:mH_-. Load 50 Okrms Y avefarmm:

Cursoc 2 [1,19GHz |L|:|a|:|,l.-'-.lfm j




Board Trace IConnect® Z-line

A~ [Connect.wiv - Time Domain

@ELine.me

[V ouT.wim
Clpen.me

\
\

\

\
— T
\

Scope reads here about
44 Ohm instead of 50 Ohm

Multiple reflections in
TDR waveform

Time AT
Cursar 1: | 510ps

Curzor 2: 1 1.02ns
A B 0ps 2hhps




Board Trace IConnect® Z-line

A [Connect.wiv® - Time Domain

'V | DUT.wm

C:lpen.wfm
@ELine.me

. | |
x T Accurate impedance

Curzor 1: | 504ps pI’OfI|e |n |C0nn6Ct®
Curzor 2: 1 1.01ns

A Bldp: | 2Bdps




Impedance, Inductance and Capacitance Readouts

‘i~ IConnect Z, Td, L and C readouts.wiy - Time Domain g@@
x|

0z 100pz 200ps 200pz 400ps 500pz GO00ps VOOpz B00ps

@ELine.me

Z, td reag Tme  AT/2  [EDrewi Plnew

3770 1.3nH/ L, C read
6770 | 5I5F




Package Trace Failure Analysis

A True Impedance Profile For Packages in IConnect[H]

A00pz Tz 1.5hz 2ng

0 _ L

\
Sy
| j 'ﬂgﬁ\“~\\:>>‘ .

ALl Raw1TDR: uonfusing
A5l A \ multiple reflections

-200rt \\ @E—

-250m'

@ELine.wfm
TDR. wirn

Tme AT ATZ  Impedance profile
Cursar 1: 17dps 188ps | 94pz in IConnect®:
Cursar 22 | 3b2ps Exact failure location,
Improved resolution




Z-line Applications and Benefits

» What does Z-line do?

— Corrects for multiple reflections inside the DUT, which produce
Impedance inaccuracies

» Benefits:

— Avoid accuracy and disputes with vendors/customers through improved
accuracy and repeatability for PCB impedance measurements
» Both in manufacturing and in PCB technology development
— Locate package, board and connector failures faster through improved
resolution
— Get quick access to direct Z, td, L and C readouts from the corrected
impedance profile



Input Die Capacitance Measurement

» Measure an A\~ Cself Computation in IConnect.wfy - Tim O] x|
empty ﬁXtu re Tns 2ns ans dns 5r|'|3 .
» Measure fixture T DA T [T
with DUT inside 2 Int2svc. .
4pF { DUT InCseIFl .
» |Connect o I
computes Cself [Reference Open]l | /| [cseit
based on the - IJI
difference 1pF = —————— F—Ee&d—e Cself Value
0F
» The same |

Time AT AT nCzelf 2
Cursor 1: | 235p3| 4.21n3| 21ns | 27.8fF

process applies

to paCkage or Cursor 2 4 4dnz | 2.93pF
socket
capacitance

| Tektronix:




Cself Applications and Benefits

» What does Cself/mutual, Lself/mutual computation do?

— Computes the appropriate values using JEDEC-established industry
standard (JEDEC publication JEP-123) for short interconnects

» Benefits

— Efficient and quick measurement of input die and package
capacitance
» A standard method in the semiconductor industry
» Measurements of the Cdie in powered-up condition possible
Appnote: “Measurement of Input ... Die Capacitance ... Using TDR”

— Method is also efficiently applied to...

» Small-size package, connector and socket modeling

» Measuring inductance of a via on the board



Eye Diagram In IConnect

DUT Eye Diagram And Mask Options

Sequence
Tupe: | Pzeudo-Randor j

Length: | 2™16-1 (85535) w| Longer lengths

fill irh the epe but
Repeat: | 13: tirmes

take miare tirme.

Step Yoltages Compute Response From
bz | 1K {* Meazurement
M [ AW * Model

Timing Info

DataRate: | 2G5 bits Bitwidth: | 500p s

Risetime: | 50p s

= |
—

Method: | 10-90% -

[

Load Defaults | Save Ag Default3| |

» TDT easily gives the eye

diagram degradation
Deterministic jitter only

Eye degradation due to
system losses, ISI,
reflections

1.5

1A%

SO0r

d—c 'S TEME




Crosstalk Effects

Measure l odel ] Simulate]

Temination

Type: Matched -

i

Select W aveforms

v Use Aggressors

=

A

1]

—

Aggreszor 1
Aggressar 2
Aggressor 3
Aggressor 4
Aggressor &
Aggressor B
Aggressor 7

Agarezsar 8

Oz 200ps 400pz BO0pz 200pz Tng

1 —

SO0

00t

N —

» Up to 8 aggressors can be defined (think center pin and 8 pins around)

» Aggressor signals can propagate in the same or opposite direction as
the victim, and can have completely independent timing (datarate etc.)

Tektronix:




Eye Mask and Jitter Measurements
Lossy Line 1% E@g| .

TORAT | 517 | RLGE| (Ere Diagiam Measure | Model  Simulate ]
s EDI|:Ip$ AN0ps Bl0ps Bl0ps 'Ir|1$ Composite Model
BY Simulate |
Ellllll_
v Save Generated Modelz
a4 Automatically
il Eye Diagram
2 Drizplay | Optiohz...,
B Eye Dialog kazk
|:|'|_'||'_
Edit Mask.. | Load
Ay —
bl &zl Mame: |
x| .
Time AT/ v Enable Eve Measurements
Curzar 1 QE.Elﬁs Huorizontal [Timing) Wertizal [Voltage] -
Cursor2: | 198ps Width: | 481ps Height: | 356V
A 989z 495p: Peak Jiter: | 18.7ps |13t Transition | Noise: | 727mY |High Level =
Reference: 2 B Reference: 5i:||:||:|3




Correlation

- ——.

T _.
| 2710-1 pattern 2"10-1 IConnect eye from TDT
generator measurement measurement

Data courtesy
FCI Electronics



IConnect Eye Applications and Benefits

» What does IConnect eye diagram do it do?

— Generates an eye for passive interconnect link — includes crosstalk!

— Place standard mask, perform peak-to-peak jitter and eye opening
measurements

» Benefits:

— Efficient compliance testing for cable assemblies: (SATA, PCI Xpress,
Infiniband, Gigabit Ethernet) - save time and money!

» No pattern generator (PG) required (at 10 Gbit/sec PG can cost >>$100k
vs. <$20k for IConnect!)

» Save time: an eye is generated 100x faster than with PG!
» Leverage your TDR oscilloscope investment and save test space

— Quick isolation of system level problem — rapidly determine whether
system performance is poor due to transmitter or to interconnect link

— Quick evaluation of maximum performance for a legacy backplane



|IConnect® S-parameters

The easiest way to perform S-parameter compute: [5Fammee <]
measurements for digital interconnects D Saurce Wavafom Viewer

. . . . | TD ' aveform Wiewer 1 j

» Differential, mixed mode, single ended FD T arget Wavefom Viewar

| Mew waveform Viewer ﬂ

» Compliance testing for PCI-Xpress, Serial ATA, o
Infiniband, Gigabit Ethernet and other standards | ©oUT[oawm -

Ret. |Step.wfm j

Frequency content

» Basic calibration capability v Set manualy

Max Ak | 5M Hz
= 52 Correlation Between IConnect TDR sooftware and YMA wiv - Frequency Do... r:|ﬁ]m
Frnas | 10G Hz

Compute |

» Easily de-embed fixture effects

1% 1]

28

50

= =

1= insertionioss %I""EE Calibration

1848

% F'{“[T H‘. i q.l' ;_ Hhﬁ ,l‘ ﬁ W Uze 50 Okms calibration

e g | |1 " 14

K ,‘J"llk i W HH A \ 1 '&t" 1"5 \ Ref type: |Dpem’5hnrt j

100e i || | R '|

L;'Ep‘“ "II ,‘ e manaal : DUT Type: |In$ertin:|r'| |DSS.-":-j
Freq P Fid .

T F.m:H, ;_;MH, ﬂ:mH_-. Load 50 Okrms Y avefarmm:

Cursoc 2 [1,19GHz |L|:|a|:|,l.-'-.lfm j




IConnect S-parameter Uniqueness

» How do you measure differential return loss of a DUT when it is
soldered on the board? — with 1Connect using short reference!
Short the two pins of the DUT package with an Xacto knife — and you have
a short reference to compute S-parameters

— You can not do this otherwise!

» How do you de-embed the measurement fixture for electrical

compliance testing? — with IConnect!
Simply use the existing through calibration structure on the board, or even

an open reference with DUT disconnected, and you are done!

» In any application where you precision cal kits at the DUT
reference plane are unavailable, IConnect will solve the problem

» Nothing is faster and easier to use than IConnect S-parameters
for a quick single S-parameter measurement of an interconnect



Choose Your Instrument:

t < 80ps

f <9Ghz

Datarate! < 6 Gbit/s
80ps<t <35ps
9Ghz<f<20Ghz

Datarate! < 12.5 Gbit/sec

15ps<t <35ps
20Ghz<f<50Ghz
Datarate! < 30 Gbit/sec
9ps<t <15ps
20Ghz<f<50Ghz
Datarate! < 40 Gbit/sec

TDR instrument

20 Ghz TDS8200 with
80EO4 TDR

20 Ghz TDS8200 with
80EO04 TDR: add-on
calibration desired

TDS8200 with 80E04
with PPL 4022 and
80E06 70 Ghz module
TDS8200 with 80E04
with PPL 4022 and
80E06 70 Ghz module

1 - Analysis to approximately 3d clock harmonic

VNA Instrument

9 Ghz differential
system

20 Ghz differential
system

50 Ghz differential
system

50 Ghz differential
system (9ps t,.,
can’t be achieved)



Correlation with Network Analyzer

"\~ §21 Correlation Between IConnect TDR sooftware and YNA.wiv - Frequency Do... QE]E|
2GHz dGHz BGHz aaHz 10GHz 12l?H2

E

048 —aF(Mhog)
2dE
AdE ‘§§§§E!;!§!E§ﬁiii S |wnia_sz1.wim

-EdE TOR_521.wfmn
adB E -

10dB
12dB
14dB
16dB
18dB
2009
1509 —
1009 —
5|:||:| _—
|:|I:I —
500 —
1009 —
1500 —
'EI:II:ID I I I I

Freq. AF AFS2
Curzor 1: |596MHz |5B9EMHz | Z298MHz

Curzar 22 1.19GHz




Correlation with Network Analyzer: 65 Ghz

0,

5 4
-10 +

» The TD-VNA bandwidth is
directly related to TDR/T rise

-15 -1
-20 1

S21 magnatude (dB)

time 25 |
-30 1
» These data were measured ol amen |
using the PSPL Model 4022 and a5 ] ;
a 70 GHz sampler e % w w m w
frequency (GHz)
» S-parameters correlate to 65 :

GHz

» Courtesy: Kipp Schoen,
Picosecond Pulse Labs

-20 1

-30 1

-40

—4022

S11 magnatude (dB)

-50 A

LA L I
-

-60

0 10 20 30 40 50 60
frequency (GHz)




Measurement Based Approach

Measure el
S- t
parameters e TDR/T or VNA Measurements
Model IConnect )
ode e EXxtracted mterconnect,
? —‘“?:)—% iInstrument source models

TOR frtarconnect
Source mrodef

Simulate SP | CE

e Direct link to simulators

o 1 T
o - L o - EEEIEE o - N

Analyze, Validate, IConnect i .
Model, Design e Automatic comparison of

simulation and measurement
in IConnect waveform viewer




Methodology: Gbit Ethernet Example

TOR/T Schematic l

Pwil.cir | Launch.c .0 aughter Eu:unnectc Backplar| Connecte \Daughter| Launch.c | Terminati

Pl cir Launn::h C C C Launl:h ¢ Tem nnq;tl

/mmzmﬂmﬂm T

VNG

Launch, high-speed connector:  Backplane and daughter cards:

Z-line modeling lossy line modeling
Any piece can be modeled in  Lumped pieces can be modeled
MeasureXtractor™ with JEDEC technique



MeasureXtractor™

The fastest path from VNA or TDR

measurements to simulations
— Exact SPICE / IBIS models / Measure
— Automatic model generation A
— Measurement based Measurexiractor™

— Frequency dependent %H: Extract model

— PASSIVITY, STABILITY, CAUSALITY ensued Exact correlation in time

Measurextracton{Ti] Model Accuracy g@!] aﬂd frequency dﬂmalns

TDRIT, S-parameters

TORAT I Sif I Epe Diagram] Measure  Model l Simulate]
O= A00ps Tnz 1.5ns 2nz
B0 E zting
A00mi Exact correlation in time
and frequency domains
B 7 {magnitude and phase)
-~
e
200my
" { TOR/T S | Eye Diagram |
100 OHz 2GHz  4GHz  GBGHz  8GHz  10GF
o ] < Tedn l
SDDm—-Ma"““
400m
= 0
ﬂ Time ATS2 2002
C 1: —hkPhase
Lirsor 205p= 1009 \l .'\-{ . )
Curcor 2: [ 410ps 0° K Design Interconnect Links
A [ 206ps | 102ps A00° —P
-200°




Loss Extraction Results (Transmission)

Lossy Line 2* - 0] x|
TORAT IS[f] I FILGEI Eve Diagraml Megsue  Model |Simulate|
O Ths 2ng ans dng 5r|13 — Lass Parameters
Fix
B0
H,j,:l 239m £ [
400 - Gdc ﬂ 5 I
Extracted skinjeffectand _|_&«[ 1780 ameé
I H N PRI Nl DR D
300y diefectrictossparameters | Geel 59% stz
L.:,_-.I 70.7n H [
200 I:'I'I 224p F r
100 Ewaluate |
0 — Optimization
Compute Options...
= Tirne ATS2
Cursar1: | 436ps Simulated and measured

Cursor 2 | 993ps

| transmission
AT | 496ps | 248ps




Loss Extraction Results (Reflection, Coupled)

Lossyl ine.cir®

TOR/T |51 | RLGC | Eye Disgram Messue Model | Sirite |
0z It 100ns 150ns 200n Lozz Parameters
¢ Self T Mutual
i Fix
Rdc11 | 4E0m £ [
B0 r—"‘ Gde11 3.34n 5 [
Rac11 | 1.67m Q/Hz" u
EL Ganid 3850 5/Hz u
Leald 1.2/u H [
400 ﬁOth saelf and Colils 276pF B
utual| parameters
380
are extracted O ptirnization
L
3nnmv—t' Campute | Options... |
280
DA Lurmped bModel
. o
S @ Minirnurn risetime 350 2
(" Subzegments | El




Z-line Modeling in IConnect TDR Software

fi~ |[Connect - [Single]

= File Edit WYiew Compute Model Simulate Tools Window  Help _|E’|ﬂ
D|2|B| &] 2l=(e] of s~ F=8z=] 2%m
L R R L R * Name: Automatically Generated
140 1
" .subckt Single portl port2 gnd_
10 *Rkxxx Partition #1
100 4L cl portl gnd_ 456f
60 & |1 portl 11.05n
BO 0L M“‘* *Rkxxk Partition #2
il
08 LA t1 1 gnd_ 2 gnd_ Z0=50.8 TD=125p
EDR ..............
|« [ oo Partition #4
Time AT _
Cusor1: | 795p5 | 1.84n5 | 27810 t3 3 gnd_ port2 gnd_Z0=48.2
TD=190p
Curzar 2 2.63n5 493 I
.ends




Results: Selective Jitter De-embedding

Backplane Only Simulated Eye

E|

TDR”"TI S6) l RLGC Eye Diagram ] Measure] Model ~Simulate l

s 100ps  200ps  300ps 400ps 500ps  600ps Composite Models
500mV D Simulate
@ v Save Generated Models
A00mY — Automatically
0V — Eve Diagram
Dizplay | Optiohs... |
oV — )
| Eve Diagram task
-200mV — P'wL Sou | CoupledC |BackPlar CoupledC Terminati
~400mV — ./\NL J\N\l
Pt Smu C C Terminati
a/\-’\-‘:‘— Sy — H gy —
e 1
Time AT/2 [v Enable Eye Measurements
Cursor 1: | 196ps Herizartal (Timing) Vertical (Valtage)
Cursor 2: | 512ps Width: | 276ps Height: | 453mV
A:| 316ps | 158ps Peak Jitter: | 36.7ps ,W Moise: | 166mY [High Level
Reference: | 5.14mV Reference: | 378ps

TOR/T| 5f) | RLGC Eve Diagram |

s 1 I}Illps 200ps  300ps  400ps

Daughtercard Only Simulated Eye

Measure | Model  Simulate

500ps 600ps

Composzite Models

Simulate

i~ Save Generated Models

A00mV — H Automatically
Eve Diagram
200mV Diigplay ‘ Options... |
Eye Diagram kask
v —-
Mew | Load |
-200mV PWL Sou | Connecte \DC1Loss.| CoupledC | Terminati
A00mY — L z C‘ - =
Fiafiz Spu| Connecte DC1Loss, | Teminati
; e — )_( J_( ———
1 ISR = | -
x| Time AT/2 W Enable Eye Measurements
Cursor 1: | 190ps Horizontal {Timing) Vertical (Voltage)
Cursor 2: |  504dps Width: | 306ps Height: | 768m\V
[ 3laps [ 157s | Peak diter: | 50505 [T Transiion =] Noise: | 15.8mV [High Level » |
Reference: | 1.98mV Reference: | 354ps

Tektronix:




Thanks for attend TDR seminar
b 7E[E

david.yang@tektronix.com
(02)27571517

(02)27222644




