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What is the Signal Integrity Challenge?

RXx

e Differential Insertion Loss

v

e et

$000.00 M

© Asfiakhan | Dreamstime.com - 3d People
Communication Metallic Tin Can Phone Concept Photo

KEYSIGHT

TECHNOLOGIES

© Keysight Technologies' Page 2


http://www.dreamstime.com/asfiakhan_info#res12594155
http://www.dreamstime.com/#res12594155
http://www.dreamstime.com/stock-illustration-d-people-communication-metallic-tin-can-phone-concept-illustration-talking-help-tine-human-person-character-image47714470#res12594155

How does simulation help?

 Distributed Model of the Physical Channel

« Using simple simulations to interpret TDR, TDT, and S-Parameters:
» Stub Z discontinuity

« Series Z discontinuity

« Simulation + Measurement = Insight
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Example — SI Channel Degradation
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Distributed Model of the Physical Channel

Tarm
Terml
Num=1
Z=50 Ohm

am
Term3
Num=3
Z=50 Ohm

am
TermS
Num=5
Z=50 Ohm

Stan=0 GHz B
.—@— Stop=10.0 GHz =rm
Stap=0.01 GHz _E_'. Tarm2

PCI Express Channel Simulation

I a I S5-PARAMETERS l

5_Pamm

SP1

Z=50 Ohm

U g

" Termb
Num=8

TR T Z=50 Ohm

e~ f Cini ~ prcemva_break Tem

‘ FlLle_connecy Flie_via reak

Subst="Sulft1"yx 13 ~ Subst="Sub=t1" 94~ B\ G @I Tarmd

Length=4400.0 mil ) Length=12000.0 mil Num=4

WI1]=5.gffmil WI1]=5.0 mil Z=50 Ohm

SM1=74 mil o SM1=7 0 mil

&
@
G
Q
S

L"
0.50

NEXT /’ j::E:;;__Q%

50

Impedance, Ohms

A ‘ebejjon

0.00
FEXT
TDT 0%

KEYSIGHT

TECHNOLOGIES

—"E e R A B V)

1 2 3 4 5 6

Time, nS

© Keysight Technologies

Page



Impact of Rise Time on TDR
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|
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Use Simulation to Become an Expert on TDR/TDT

Simple simulations benefit analysis of TDR/TDT measurements.

T-Line Model for Simulation
Stub Resonance
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Series Impedance Discontinuity
Time and Frequency Domain Analysis
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Stub Impedance Discontinuity
Time and Frequency Domain Analysis

Physical Layout
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A Closer Look at TDR vs TDT

Stub Resonance
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Why is the TDT different for the same delta Z change?
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Measurement Based T-Line Model for Debugging the Channel
— Virtual Lab
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Solving the Problem with
Pre-Layout, Post-Layout, Measurement

Everyone believes measurements 5o ;&-Q_ o
except for the person who made them... rrvzrees RGN
No one believes simulations

except for the person who made them... =1

Simulation + Measurement = Insight
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Agenda, “Finding the Causes of EMI
and How TDR can Help”

— How do high speed serial designs typically cause EMI?
— In high speed serial designs, where do common currents come from?
— A quick overview of the DUT evaluated

— How can TDR Help address the EMI issue?
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What Causes EMI?

— Of course, there are many potential causes of EMI but in high-speed
serial designs one of the largest sources of EMI is radiation (that
gets out of the box) from common currents generated by a
differential data channel.

— The differential channel ideally has no common currents but it takes
only a very small common signal to create an EMI issue.

— As a rule of thumb, to pass an FCC cetrtification test the
maximum allowable common signal on an external twisted
pair should be <10 mV at 1 GHz.

KEYSIGHT
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Agenda

— In high speed serial designs, where do common currents come from?
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Where do the common currents come from?

Port 1 Differential Pair Port 2
.
—)
.—. Differential T
Differential Signal out DD21

(transmitted)
o
Common
Signal out
(transmitted)

Signal in _
Mode Conversion

TCD21

In theory, if the drivers produce a perfect differential signal (ho common component) and the
differential signal passes through a perfect differential channel, there will be NO common signal

generated.
In practice that is NEVER the case!

Assuming the driver is perfect and we consider just the channel, any asymmetry in a coupled
differential channel will convert some of the differential signal into a common signal. This is

known as “Mode Conversion”.
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What Causes Mode Conversion in the Channel?

Port 1 Differential Pair Port 2
.
—)
.—. Differential T
Differential Signal out DD21

Signal in (transmitted)

Mode Conversion

-
Common

Signal out
(transmitted)

TCD21

ANY asymmetries in the coupled lines can cause mode conversion:

* Non-equal line widths

* Non-equal line lengths

» Different “local” effective dielectric constants (even due to the
glass weave in the laminate)

« Adiscontinuity in the ground plane

Let’s look at a real example
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Agenda

— A quick overview of the DUT evaluated
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Using TDR to evaluate the channel:

CAUTION;
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Using TDR to evaluate the channel: A quick look at the DUT
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Agenda

— How can TDR Help address the EMI issue?
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How can TDR help find the source of EMI issues?

Part 1. Is there mode conversion? Start with a quick review of S-parameter terms
Stimulus (in)
SCD21
Port 1 Differential Pair Port 2 Response (out)
Differential in, differential out: Common in, differential out:
Behavior of differential signals Behavior of mode conversion
Stimulus (EMI Susceptibility)
\ Differential Signal Common Signal
O - v Port 1 Port 2 Port 1 Port 2
3 S SDD11 SDD12 SDCH 80012 /a - fa
2 E i IS S S S
g = DC21 _0022
/ 2145 Sconr Score Rsccn Scerz
E g_ 80021 Sc022 30021 80022
P ol .
Differential in, common out: : :
Behavior of mode conversion Common in, common out:

Behavior of common signals

o
Lo

(EMI Emissions)
o
Al A oo
- il S
KE1oma
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How can TDR help find the source of EMI issues?

Part 1: Is there mode conversion?

.
Port 1 Differential Pair Port 2

Differential | vocom [mmevost® e ) Differential
Slgnal in 60.00 mV/  180.00 mV 4k |v uto Slgnal out DD21
(transmitted)

-
Common

Signal out
(transmitted)

TCD21

Similar — but not
exactly the same —
signal velocity
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How can TDR help find the source of EMI issues?

Part 1;: Is there mode conversion? TDT

Port 1 Differential Pair Port 2
'_' ' 1.50 M’ 4.50 mv Co-mm on T
Differential Signal out cbzl
Signal in (transmitted)
-1.50 my
-3400.0 s -2400.0 ps 1500.0ps  2600.0ps  3600.0ps  4600.0 ps — 5600.0 ps
KEYSIGHT
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How can TDR help find the source of EMI issues?

Part 1: Is there mode conversion? How dependent is it on edge speed?

I
Port 1 Differential Pair

: _ Common T
D_lﬁerer_]tlal | : | Time-volts 1 (> Wevel Bl S'onal out cbal
S|gnal in 4k 150mv/  450mV Stl mu I us Rl se Tl me: e uto = (transmitted)

10.50 my

Signals

TCD216ps

| TcD21 36 ps

| TCD21 56 ps
[TcD21 76 ps
‘TCDEI 100 ps
|puT 17CD21*

9.00 my

Change
DUT Type...
TDR Fixture
Deskaw...

6.00 mv

10/90 Rise Time:

o0

-1.50 mv
4.1520ns  4.2020ns  4.2520ns  4.3020ns  4.3520ns  4.4020ns  4.4520ns  4.5020ns 5520ns  4,6020ns  4.6520 ns
75.0 mv/ ‘ Timebase | Acguisition Frame Trigger a a
400.0 mv 50.00 ps/ Full Pattern: Src: Front Panel \ ( path ) signats)

o 60.0 mv/ ” | Pos: 4.15200 ns
& 180.0mv |

| Smoothing: Average
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How can TDR help find the source of EMI issues?

Part 2: There is mode conversion; what is causing it?

I
Port 1 Differential Pair Port 2

[

Differential
Signal in

Differential TDDll
Reflection

This shows the position and magnitude of differential reflections

Comrrm T :
Signal out Cbil Mode Conversion — =
(reflected) gg:;mt TCD21
(transmitted)
Remember, velocities are similar
KEYSIGHT
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How can TDR help find the source of EMI issues?

Part 2: There is mode conversion; what is causing it?

I
Port 1 Differential Pair Port 2

[E—

D|ffe rentia| w orm H Time-Ohms 1 (»)| Time-volts 2
Signa| in 7.50 Q/ %0.000Q
’
y -~ TDD11*
' , '."I \ r.*"'-.\l/'ill‘ \“"“v""\.,/".\_f\.\/" ‘T—'“"w”i‘"'v"‘:——.—f—u-f"--«.—
Differential T 50,009 ANE , Via field in backplane
. DD11 5 | /
Reflection e o
| 4 : :
! Via field in daughter card
60.00 @ —
340.00 ps 840.00 ps 1z40.0 ps 1840.0 ps 2340.0 ps 2840.0 ps 3340.0 ps 3840.0 ps 4340.0 ps 4840.0 ps 5340.0 ps
| Time-volts 1 (> » 7
« 200mvV/  -2.00mV. 9 ¥ Aute] =
Common TCD11 6.00 mv —p — .
Reflection d00my Signals

*

2.00 my ¢ TCD11* mm=m
0 my

-2.00 mY

-4.00 mV

-10.00 mv
340.00 ps 840.00 ps 1340.0 ps 1340.0 ps 2340.0 ps 2840.0 ps 3340.0 ps 3840.0 ps 4340.0 ps 4340.0 ps 5340.0 ps
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Summary

1. Even a small Common Mode signal, if it gets “out of the box”, can
cause EMI and possibly an FCC certification test failure.

2. Any asymmetries (line width, line length, local dielectric,
discontinuity in the ground plane, etc.) in a coupled differential line
can cause Mode Conversion.

3. The Differential and Common signals travel at similar velocities so
comparing the reflected Differential signal (Typ,;, Impedance
profile) with the reflected Common signal, T4, Will show
where/what in the DUT is causing the Mode Conversion.
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Error Correction
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Signal Integrity Error Correction Techniques

A S-Parameter De-embedding A Automatic
Fixture
© Line-Reflect-Match (LRM) Removal
© Thru-Reflect-Line (TRL)
© Short-Open-Load-Thru (SOLT)
Most
Accurate
© Normalization
@ Reference Plane Calibration
A Port Extension
Time Domain Gating
Most Simple -
© = Pre-measurement error correction
A = Post-measurement error correction
KEYSIGHT
TECHNOLOGIES
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Removing Fixtures

Historically — 2 methods:

* Model the fixture using EM Simulation and then de-embed the fixtures from
the measurement

 Build a calibration kit (SOLT or TRL)
— SOLT requires characterization of standards (difficult)

— TRL is an easier calibration technique to move measurement reference
planes to the DUT. (preferred method)

Left Half Fixture Right Half Fixture

oo @ | o = con
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Assumptions for single ended TRL

TRL (Single Ended)

Connectors and launches are identical

All lines have same Transmission Line
characteristics

— Impedance, loss, propagation

— Only differ in length

Lines are usable 20 to 160 degrees
relative to thru

No coupling in fixture is removed

Usually 2-4 lines depending on frequency
range

KEYSIGHT
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Differential Cross Talk Calibration aka Diff TRL

4-port TRL Calibration Technique

Thru
Fixture may be asymmetric

Similar assumptions to single ended TRL EHE Line 3

» Repeatabhility of connector, launch,

and line Line 2

» lines are usable 20 to 160 degrees

relative to thru Line 1
Additional differential constraints

+ SDCnm and SCDnm < -30 dB

« Skew between lines < 10 degrees

Coupling in fixture is removed

Open

DUT

T
Ll
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Automatic Fixture Removal (2X THRU)

Yesterday TRL Today AFR

Thru F ru q
e~ B
EE;LW = : Diff Thru :
- = o
E~  our ~~ - -

Note: Customers are now migrating from TRL to AFR after comparing results.
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Automatic Fixture Removal (1-Port)

New: Applications:

* Openor Short » Fast, easy and inexpensive to fabricate
+ Best when 2X THRU is hard to fab

Smallest footprint
PC board
— measure unloaded board

— load part and measure

Probes
— measure open and shorted
Socketed packages

v

— measure open fixture
— measure loaded part

KEYSIGHT
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Differential Automatic Fixture Removal

Assumptions:

« 2X THRU can be Asymmetric in length and match
» Still needs to be Symmetric top to bottom with minimal mode conversion

» The return loss and insertion loss of the 2xThru cannot cross each other in the
measurement frequency range, often at least 5 dB separation is required

» Impedance of fixture and 2X THRU calibration standard must be identical!

s \ ;
- .

pe -
h Fixture A Fixture B d

2X THRU

KEYSIGHT
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Differential Automatic Fixture Removal

Assumptions:

« 2X THRU can be Asymmetric in length and match
» Still needs to be Symmetric top to bottom with minimal mode conversion

» The return loss and insertion loss of the 2xThru cannot cross each other in the
measurement frequency range, often at least 5 dB separation is required

‘ No longer a

F q restriction
in PLTS

h i 2016!

h Fixture A Fixture B d

2X THRU

KEYSIGHT
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Design Case Study- Mezzanine Connector

Component Card

Mezzanine
Connector

Mother Board

KEYSIGHT
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Design Case Study Objective

— Atest-fixture is required to characterize connectors

— Standard test-fixture removal methods (TRL, AFR) have some issues

» Do not take into account the impedance variations between the calibration
structure and test-fixture

— In this design case study a new test-fixture removal method is introduced that
overcomes (some of) the issues with standard test-fixture removal methods.

# | Advanced Settings
After fixture removal set Calibration Reference Z0 to:

@ "System Z0"
Measured Fixture 20
)| 50 Ohms
Set "System Z0" to Calibration Reference Z0
I 'want to correct for Fixture Match A # B
[C]1 want to correct for Fixture Length A 2 B

[C] My fixture is band limited(use Bandpass time domain mode)

[C] My characterization fixture # DUT measurement fixture

KEYSIGHT
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Design Case Study- Mezzanine Connector

Step 1

* Describe the test fixture

Autematic Fixture Removal (AFR V2015.11.25.1)

My characterization fixture # DUT measurement fixture

New-enhancement when fixture
impedance is different from 2X THRU

KEYSIGHT

TECHNOLOGIES

1. Describe Fixture | 2. Specify Standards | 3. Measure Standards | 4. Remove Fixture

5. Save Fixture

My fixture inputs are:
7 Single Ended

@ Differential
My measurement is:

0 2 Ports Fixture Match: A # B
Fixture Length: A = B
@ 4 Ports

_' Multiport |8

~) Advanced Settings
After fixture removal set Calibration Reference Z0 to:

@ "System Z0"
*) Measured Fixture Z0
©|50 Ohms
Set "System Z0" to Calibration Reference Z0
[¥]Twant to correct for Fixture Match A # B
[E11 want to correct for Fixture Length A # B

[T My fixture is band limited(use Bandpass time domain mode)

My characterization fixture 2 DUT measurement fixture

Current Fixture and DUT Assumptions

DUT Z0: will be set to System Z0

This 5 step wizard characterizes and removes the fixture effects from your measurement.

Next I [ Exit

Help

Note: Acknowledgements to Samtec for use of graphics

Customizable in Footer

Page
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Design Case Study- Mezzanine Connector

Step 2
» Specify standards

Automatic Fixture Removal [AFR V2015.11.25.1)
1. Describe Fixture | 2. Specify Standards ‘ 3. Measure Standards | 4. Remowve Fixture | 5. Save Fixture

FlXtU re A FlXtU re B \ For my calibration standards I have:
™~

[C] Open
2X Thru ‘

[C] Short

[C] Open
Fixtured DUT

- [C Short
‘ | I ‘ ‘ // New

Fixture A+ DUT + Fixture B

KEYSIGHT

TECHNOLOGIES
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Design Case Study- Mezzanine Connector

Step 3

 Measure the standards

sl 1

0001 kOhms/ TDD11

KEYSIGHT

TECHNOLOGIES

Automatic Fixture Removal (AFR V2015.11.25.1)

1. Describe Fixture | 2. Specify Standards ‘ 3. Measure Standards | 4. Remove Fixture | 5. Save Fixture ‘

Measure or Load Cal Standards:

Fixtured DUT

2X Thru

Note: Use previously measured
“Fixtured DUT” as calibration standard

Customizable in Footer Page 46




Design Case Study- Mezzanine Connector

Step 4
« Remove the fixtures

Automatic Fixture Removal (AFR V2015.11.25.1)
~

‘ 1. Describe Fixture | 2. Specify Standards | 3. Measure Standards | 4. Remove Fixture | 5. Save Fixture

1 1
Select ports to be corrected
Apply Apply
1 2
e e
5 a
Select PLTS measurement(s) to be corrected
Select correction method by:

Select Measurement File
OPTH_DL_AD11 BD11 AD12 ED12 03_ISD.s4p
OPTH_DL_AD11_BD11_AD12_BD12_03_10M.s4p

2 Turning on Fixturing/de-embedding for channel(s)

[[] |DIFF_THRU_2958MIL_10M.s4p

® De-embedding for PLTS measurements

Help l

Exit

Apply Correction ]
|| /|
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Design Case Study- Mezzanine Connector

Step 5

« Save all files (de-embedded DUT and test fixtures models)

KEYSIGHT

TECHNOLOGIES

Automatic Fixture Removal (AFR V2015.11.25.1) @

1. Describe Fixture | 2. Specify Standards | 3. Measure Standards | 4. Remove Fixture | 5. 5ave Fixture ~

Select File format to save fixture data:
@ Touchstone
2 Touchstone 2

O Citifile

Choose port assignment for saved fixture files:
© PLTS Format
© PNA Format
© ADS Format

Choose the directory and base names for saved files:

Ch\Users) \Desktop\1-Port AFR
Save fixture files to directory: D;ms;ars;_r;ressm -y °

with a base file name: DesignCon =R

Mote: Suffix '1" and "2" will be appended to the base file name for the two fixtures.

Sawve Fixture Files l

e e
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Comparison of Before and After AFR Enhancement in PLTS 2016

Non-causal causal
behavior behavior

/——-—-_—
et — —
- D11 D11
oooooo M ) — T 4 " ] T
S N U s s —_ - o e —_
99,000 \/f,'/’ 00000 /f/
ggggg / //
777777 | [ 79000 I
'4.000
4.000 6400 ‘
o000 NNy 500 l
t=0
4.000 5400
026 ps
Before After
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Conclusions

« Simulation, TDR, VNA with Error correction are all critically important
* New applications push state of the art test and measurement
« Simulation + Measurement = Insight only if the calibration is good

Thank You!

Acknowledgements: Special thanks to Stefaan Sercu and Jim Nadolny of Samtec
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