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Abstract

As serial link speeds increasg,y st ems b ec o me Loss, lowprabaébility e ssedo.
deterministic jitter, crosstalk aggression from densely packed signaVviaetsd

connector impedance and associated resonamoggackage and powelelivery issues

all add their own jitter density functipresulting in a net jitter picturénat isinherently

complicated. This paper represents a rigorous and practical crosstalk analysis of 10Gbps

and higher serial data transmission systems, whittlbegin at preayout 3D EM

extraction continue with the material parameters identification and-lagsut analysis

and end with direct jitter measurement and separation. We believe this is one of the

timeliest of topics in signal integrity #te pregent time.
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Introduction and Purpose

The design of reliablenterconnects for applications aboi® Gb/s has become a

complex engineering process that involves multiplerrelatedstepsto ensureghe

compliant signal integritpf the final productBy establishing high levels of confidence

in the design flow bynaintaining consistency throughout pre and post layout phases of
development less design spins result, designs are more scalable, and future designs are
created more rapidly.

The purpose of this paper isitlistrate key engineering aspects related tontaaing

high level correspondence between system simulation and post layout measyrements
focusing on jitter analysisorrespondence with system simulatigve will addresshis

by discussing the design afcohesive measurement platfowiich consists bserial link
structuresvhich mimicbothatypical and typical backplarie pathologiesAtypical
structures are not found in backplane signal paths, but are usadifoation 3D EM

model correspondenceaterial identification, etc. eéveralnovel cosstalkexperimental
structures have been developed as weltilizing this hardwareand a carefully selected
toolset and developed methodologse intend to showow those steps and technologies
fit together as a whold e +oee n grocess.

Figure 1 - The Modeling Platform as designed.



Organization and Flow

Design Methodology Overview

Pre-layout board and structure design

Establish Toolset requirements

Benchmark Convolution generated eye diagrams of system

simulation wih that of jitter measurement equipment

5. Compare prdayout simulation results with frequency
domain measuremernfier fabricated platform

6. Identify material properties and establish loss models

7. Showimproved postayout correspondence withxtracted
materialpropertiesand 3D EM extracted-Barameter
models

8. Showdirect jitter measurement correspondenas®luding
RJDJ extraction, tosystem simulation results

9. Conclusian.

HownN e

Terms Used In This Paper

LRM i Line ReflectM atch

SOLT - Short, Open,Load, andr hru. Traditional full two calibration which typically
utilizes three impedance and one transmission standards to define the calibrated reference
plane.

TRL T Thru, Reflect, and.ine. A two port calibration which utilizes a minimum of three
standards to dife the calibrated reference plane. Provides the same information as a
SOLT calibration via a different algorithm.



Design Methodology Overview

Since design methodology of a complicated backplane system is being addressed, it is
appropriate to definéhe process, which we showhigure2: A simplified block

description of the design process of a kégieed digital channeAlthough nost of the

steps are quite obviousach step deserves a brief overview to prepare the readbe f

detail to follow.

Knowledge of Material
. . . -
Properties and Design :
Expensive Expensive
iteration * iteration
—
Expensive Inexpensive
iteration iteration

Fabrication
and Assembly

Materials Properties

Extractions System Validation

Figure 2: A simplified block description of the design process of a highpeed digital channel



Pre -Layout Board and Test Structure Design

A test platform was conceivexthda number of test structures proposeftier stackup
considerations are established and reviewed avittiabrication vendoof choicethe
engineer typically gets some form of graphic stackupquivalent informatiomwith
associated material propertiesatchieve impedance objectives and manufacturability
criteria(seeFigure3 - A board esignstarts with vendor supplied stackup and material
values.below). This is required information not only to begin the design (width,
separ#éon of traces) but also to perform geg/out estimate of all desired jitter
pathologies.

We foundthrough experimentation thtesevendor produce staakpsareat bestrough
estimates, bustill definewhere you are at thaere-layoutstage. The assmptionearly on

was thatwe would have minimal information;no experience with prior fabricated
products from theendor selected, and thatér we would compare simulationsf S-
parameters and system level jitter reswiith that of thepostlayoutcollateral. This
information, combined with all detail of the physical 3D configuration of the complete
circuit, would thenbe usedto understand and predict the performance of the transmission
media.
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In
Figure 3 - A board designstarts with vendor supplied stackup and material values.

Once stackupayers weralefinedimpedance objectivesere establishedrirst
generation fabrications have only materials, stack up, and estimatedah@toperties
establishedThe assumptions ooerningthe material properties hatbw been made by
the engineers. The team arbitrarily decided terget value 05% minimum crossgalk
from aggressor to quiet victim. All parties reviewed this proposal and the pngsct
movedforward to the layouprocess Figure4 shows whathe fabrication vendor
provided in terms of materials estimates and stackup for their process:

! postlayout colhteral consists of hardware, extracted material properties, and loss models for all
structures.



=58 Materials: T=20[°C], RF=2,...

-8 "Copper", RR=1, SR=0.5

E "air!

----- € "Prepreq", Dk=4.02, LT=0.02, FLM=WD

----- € "Core", Dk=4.34, LT=0.02, PLM=WD

----- £ "Soldermask", Dk=4.5, LT=0.02, FLM=WD

-1 StacklUp: LU=[mil], ML=6, T=62.66[mil], SML="Soldermask", 1.7S[mill)
1| Signal: "signall”, T=1.6, Ins="Air"

2| Medium:; T=3.466, Ins="Prepreg"

3| Flane: "Flanel", Cond="Copper", T=1.2, Ins="Frepreg"
4] Medium: T=14, Ins="Core"

5| Signal: "Signalz”, T=1.2, Ins="Frepreg"

&| Medium: T=7.728, Ins="Prepreg"

7| Signal: "Signal3”, T=1.2, Ins="Prepreg"

8| Medium: T=14, Ins="Core"

9| Plane: "Flane2", Cond="Copper", T=1.2, Ins="Prepreg"
-l 10] Madium: T=9.466, Ins="Prepreq"

--mm 11| Signal: "Signal4”, T=1.6, Ins="Air"

0, 0), Signall

Figure 4 Fabrication v e n d GMPS08 board materials and stackugn Simbea 2011

Some structurewere intended to permit simple benchmarkaxgeriments for material
extraction. Others were designed to produce more detailed and complex crosstalk
scenarios.A summary of the relevant test structures and theationis descriled in
Table 1 below.

Structure Intended Purpose
Singled Ended Microstrip and Used for extraction of material properties (Dk ar
Stripline Trace Structures, 3to 14| LT) using Simbeor 2011.
inch lengths
Differential Microstrip ard Used for loss model verification in both Pre and
Stripline Trace Structures, 3 to 11| Post layout (post layout uses extracted material
inch lengths properties). Also used for relating simple ISI

( deterministig i tt er 0) for co
measurement versgystem simulation.

Neves Pathological Simple imbalanced 3 inch DIFF transmission wi
crosstalk aggressor. Used to analyze impact o
impedance degradation due to coupled trace, m
conversion and added crosstalk aggressor.

McMorrow Coupler Emulakes the equivalent of several strong
aggressors in three places along a differential
stripline interconnect. Used to evaluate real
interconnect cases with the inclusiti

( deterministig i tt er 60) for co
measurement versus system simulation.

Table 17 Summary of channel modeling platform test structures relevant to this paper
Single Ended Trace Structures

Single ended transmission lines are basic elements used for material extraction and also
serve as impedance test coupdor making 50 Ohm airline calibrated measurements of



board impedances. They are also used for localizing the reference plane very close to
test structures usinbRL/LRM calibration methodology, although this capability exists.
The resulting pre and poleyout Sparameter model, either 3D EM extracted or lab
measured, included all launch andiffe impact. Accordingly, for the purpose of this
paper onlySOLT calibration was performed.

Figure 5 - (left) 14 inch Singleended Test Structures, Microstrip and Stripline, (center) 14 inch
Single-ended Test Structures, Microstrip and Stripline, and (right) Differential Stripline Trace
Structures, Single Pair, 3, 6, and 11 inch lengths

Differential Trace Structures

There are numerous differential structures of both microstrip and stripline configuration,
ranging from 3nches to 1inchesin length where each SMA transition into the
structures is 1.1ches long. The differential topology providés ahlity to compare
against thalifferentialvia field, and confirm loss modeling.

Special Coupling Structures
There are two significant strucs aimed at more complex crtadk casegseeFigure6

- Layout of Neves Pathological Test Structure (left), and McMorrow Coupler (rjigimte
designed by Al Neves, and thther by ScotMcMorrow.
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Figure 6 - Layout of Neves Pathological Test Structure (left), and McMorrow Coupler (right)

Neves Pathological Coupling Structure

Crosstalk is commonly thought of in termsagfgressor energy coupled conceptually
through capacitive and inductive mechanisms, but aggressor traces also alter impedance,
symmetry, and create modal conversion fronfedéntial to commomode. The Neves
Pathologicatrosstalkstructure serves to explore this nature of crosstalk.

ThePathological crosstalk structure consists afces ofmicrostrip differentialvictim
trace, just like the microstrip differential THRU, but with the ditlon of a linch

coupled microstrip aggressor pair. By simply addingdhsaggressojitter, S
parameters, and modal conversion can ebgibnalyzed by 3D EM or measuremeifr
a simple yet pathological structure. This structure creates sygniméstalance, resulting
in increase jitteevenwith no crosstalk aggressor energy.

McMorrow Coupling Structure

Typical backplane and midplane based interconnect channels include multiple line cards
attached to an interconnect board through electritaitye connectorsCrosstalk

isolation in high speed connectors has improved in recent years, but there are always
opportunities for neighboring aggressive nets to induce crosstalk into a victim through
coupled routing within the connector breakout regisithin the connector, and within

the via breakout fieldsThese sections are often relatively short, with lengths less than 1
inch, but can often have high coupling coefficient¢ithin each connector field there

can be as many as 8 nearest neighbgresgors, comprising the 8 differential signals
surrounding a connector in the adjacent rows and colutmreddition, there may be two
same layer aggressors on the midplane on either side of a victim trace.

It is generally not feasible to instrument @jaessors on each end of midplane, along with
two aggressors on either side of a victim, in a small compact structure that is both easy to

11



measure and to modeHowever, it is possible to emulate the equivalent of several strong
aggressors in three placgeng the interconnectat the equivalent of the Tx side

connector, at the Rx side connector equivalent, and in the backplane trace routing section
between the two connector§he McMorrow Coupler was designed for this purpose;
simplified evaluation ofeal interconnect cases with the inclusion of complex crosstalk
induced DDJ.

In the McMorrow coupler, an 11 inch long differential stripline is coupled into a one inch
long broadside differential pair with a high coupling coefficient of > 20%, a vdlue o
coupling high enough to induce the equivalent crosstalk typical for worst case correlated
aggressors.Tx aggressor drivers can be placed preferentially on the near end side of the
coupler to simulate Txo-Tx same direction crosstalk, or on the far site to simulate
Tx-toTx opposite direction crosstalk.his second type of crosstalk can create significant
far end crosstalk at the receivek.duplicate broadside coupler is also placed at the far
end receiver side of the 11 inch long victim, to seweladditional crosstalk on the

receiver side.Again, aggressor Tx port placement can be used to simulate Tx
transitioning in the same direction as the Rx received waveform, which is the most
favorable configuration, or in the opposite direction, whialises maximum received
crosstalk.

Offset from the center of the victim pair is a 5 inch long coupled differential aggressor on
the same stripline layer, split to surround the victim on each Fides. sideto-slide split
provides a 2X amplification of ehinjected differential mode crosstalk, as seen by the
victim. The center coupled section is designed to have asymmetric placement, directly
adjacent to the broadside coupler on one side of the interconnect, and about 3 inches
away from the coupler on tlweher side. Because no effort was made to adjust victim
characteristic impedance in the coupled section, the offset placement of each coupled
section presents a complex impedance reflection profile to the interconnect, along with
complex superposition dhe crosstalk waveforms injected into the victim channel.

These channel complexities are, however, designed to be easily modeled with
commercial full wave electromagnetic solvers, and measured with conventional time and
frequency domain instruments.

Tool set Selection

The following provids thereasoningbehindwhy we used certain toolsin some cases
tools wereusedsimply because of availabilityautin other cases we hagecific criteria
in mind based on the projéstgoalsOur project goals werelear and unambiguous
consistent simulation methodology related to direct measurenvemts include jitter
analysis of low probability crosstalk, U, eye diagram overall fidelity -@arameters,
and TDNA or time domain to 10Gbpsatboth pre and poftyout stages-or 10Gbpsec
data ratesve decided aninimum requiremendf simulationmeasuremertorrespond to
a factor of 5 from Nyquist Frequency of 5GHz for a 10Gbpsec NRZ liease data
stream., save wereessentially shooting for 25GHmd aconsitent measurement and
simulation methodology

12



Our Requirements:

1 3D EM analysis:

0 Ability to extract Sparameter models for 3D structures

o Causal and accurate loss modelingnulti-pole orwideband Debye

0 Broadband conductor loss and dispersion models

o Conductorsurface roughness modelingmportant but not as vital if we
plan on using low loss dielectrics)
General 3D EM analysis that passes some extensive benchmarking of
simple test structurdess
o0 Ability to identify material properties with some canted methodology
o0 The ability to compare measure data that is test for passivity/causality

(Very important for insuring measurement integrity

o

Simbeor2011 was utilizealong withCST for 3D EM launch extraction

1 System SimulationToolset:
o Convolutional smulator for simulating stimulus and @ rameter model of
channel
o Generate meaningful eye diagram simulations
o Eye diagram jitter and fidelity consistent with scope eye diagram
simulation convolution simulator

Synopsis HSPICE was utilizédr system simulaon.

1 VNA, Vector Network Analyzer
0 SOLT calibration dkctive past 25GHz, preferable 40GHz
0 4 port Sparameter capability
0 12-port capability would have made crosstalk analysis of differential
structures more convenient

1 Time Domain TDNA (LeCroy SPARQ 4004)

o Equivalent frequency domain bandwidth4®GHz

0 Assist with topologically identify impedance discontinuitiesest
structures, evaluation of launch discontinuities

o Easy measurement of impedance profile, both siaged and
differential

0 4-port passie/causal $rarameter measurements

0 S-parameters correctly correspond to test platform Beatty standards

0 6psec risetimed0GHz bandwidth

9 Digitizing Oscilloscope (LeCroy SDA 830 zi)
0 Realtime, 80 GS/s recording
0 Dual input 30GHz analog bandwidth
0 Quad input 6GHz analog bandwidth

13



o ichannel 6 and ff i-gmbeddi’rg&oftwareu | at i on and
o Jitter measurements

1 10Gb/s Data Pattern Generator (Centella TG2P1A
o0 One diff pair, <25ps riséime output pair
0 Clock-out and Clock in for synchronizing multiple pairs
0 Multiple PRBS data patterns

Measurement Platform

Measured |
S-Parameter

Compare

Simulated |
S-Parameter

Figure 71 Measurement versus Simulation Space correspondence requires: first benchmarking with
simple structures, good material properties, good VNA or TDNA calibration, and good loss models

System Design , Fabrication and Validation

Phase 17 Pre-Fabrication Verification

Before movingon tofabrication, some preliminatgst structuré&-parameters were

analyzed to ensure ougoupledstructures would providéhe substantial crostalk

componentve dege in the final boardEstimatiors were also made i a fi@ldD
solverso of t he ghesrticturegoingnan thegCslP-08 plegfdrre,r s f o r
prior to fabricationThis procedure requirgohysical material properties Dk and LT of

all materials re-preg, core, solder maslgs well asa layout of the measurement

platform.

Phase 2 - Fabrication

Of course the actual production of the test platform required many weeks, but during that
time there was much we could do to prepare for the actuavhesd

14



Using theS-parameter datproduced by two different fieldolving packagesve were
able topredict theprobableperformancef each of outest structurewith regard to
signal integrity, including jittérand crosstalkTo do this within theosdlloscopewe
employel a behavioral simulatdo confirmour jitter extraction algorithm& We used

this simulator andts i e mb e d dei rmbge/ dddechniquéo simulate the behavior of a
singledata channedndmultiple data channelsthru g h t h&@ diivi ¢ uiutal Usi ng
simulated signals are used astanulus the sparametersvereemulatedn the signal
paths, and eye diagram®re then constructed and jitter measuremertetaken Since
this kind ofsimulation is not limited by practical consideraso(like havinga limited
number ofaggressochannely nearly infiniteflexibility in the victim and aggressor
signal characteristiosas possible and thereforeanyexperimens for simulation of
crosstalkwould bepossible

During this phase ofourwbr we wer e able to compare fAnoi se
both oscilloscope software as wellSBICEsimulations using the same assumptions

concerning the stimulus signal shape. For our purpasékis timewve assumed a 25ps

20-80% risetime and a 10Gb/serial data stream

5 g g
68ps 4 N S
¢ < 112ps

Figure8-Di f f erenti al stripline (left) 3 inch, (center) 6
eye diagrams are from SPICE, the blue are from simulation and channel enation in an
oscilloscope.

Using the prdalrication Simbeor scattering parameters, Jim and Martynthghy
simulations independently to confirtine modeling and simulation tools were in
agreementAt first we were not able to obtain a close correspondbateeen the spice
and oscilloscope eye diagrams and Inter Symbol Interference (ISI) components of the

%In most cases, where jitter of a passive circuit board is concerned, we can only infer the deterministic
part of jitter which is induced by losses entirelysdabed by the scattering parameters for the structures
or networks under study.

# Martin Miller is the author of the behavioral simulator used for this purpose.
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deterministic jitterThe shapes were right but the ISI numbers were not close enough for
comfort.However once we also agreed that these simulationsbaystformed using
identicaltest pattera(we settled orthe pseuddrandom Bit SequendeRBS7)the
deterministic jitter numbers and shapes of the eye diagramdousre to bequite

compatible Essentially this is because the longestlamgths (lengtlof a sequence of
identicalbit states), and changes between shordengths and longun lenghs

dominate the ISI measuremént

The eye diagramshownin Figure8 - Differential stripline (left) 3 inch, (center) 6 inch

and (right) 11 inch. The red finoisel esso
simulation and channel enation in an oscilloscop@boveshow only graphical results

for PRBS7, but to drive home the point about how ISI (a component of deterministic

jitter) varies with the tegtattern used, we produce héables of results from the same
simulations for various test patterns and also for the Microstrip structures, which are
mostly overlooked for the rest of this paper.

eye

Structure | 3" MS diff | 6" MS diff | 11" MS diff| 3" SL diff | 6" SL diff | 11" SL diff
Parametric| ISI(ps) ISI(ps) ISI(ps) ISI(ps) ISI(ps) ISI(ps)
LeCroy Simulat¢ PRBS7 2.90 6.10 13.60 5.60 10.20 25.00
HSPICE PRBS7 3.29 6.01 13.64 5.52 11.78 26.80

Table 2- I1SI egimations from pre-fabrication models for the 6 varieties of differential structures.

Sructure | 3" MS diff | 6" MS diff | 11" MS diff

Parametric| ISI (ps) ISI (ps) ISI (ps)
PRBS5 2.80 6.00 13.30 5.40 10.00 24.50
PRBS7 2.90 6.10 13.60 5.60 10.20 25.00
PRBS9 3.20 6.20 14.00 5.80 10.90 26.10
PRBS15 3.40 6.60 14.20 5.70 10.90 25.70
PRBS31 3.40 6.80 14.10 5.90 10.90 25.80

Table 3- LeCroy Simulator ISI predictions from pre -fabrication models

Phase 31 Post Fabrication

Once thefabrication of theboardwas completave proceededo confirm the predictions

and determinéo what degree of confidenaee couldproperly ascribed tthose
predictions.Thereweretwo goalsto this partof the research:

1. Confirm that measured-@arameter sets confirm the assummpsi about material

properties, ad if not resolve thesgiscrepancie¢s e Blatdiials Properties
Extractionso)

2. Confirm thatthe signalintegrity measurements correspond to the-fabrication

predictions and if not resolve these discrepancies.

* This isan often overlooked fact:HE I1SI component of deterministic jitter depends strpoglthe test
pattern with which the network is testétssentially this is because the longestlemgths (length of a
sequence of identical bit states), and changes between sht@hgtims and longun lengths dominate the

ISI measurement

16



This first part consists of direct measuremerthefscattering parameters for test
structures both TDR and VNA instrumenBome measurementsre performedising a
4-port 4A0GHzTDNA (LeCroy SPARQ) while the VNA measuremewisre made witla
4-port 40GHz Anritsu InstrumenBy necessarily we had to useo different CR08
boardsbutthey werefrom the same prototype ruwijth connectors from the same

ma n u f a datah,raedhetcennearswereinstalledonto the boardh the same
facility.

It turns out thesgreemenbf thesemeasurements was quite go8eeFigure9, Figure
10, andFigurell below.
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Figure 9 - Results of Sparameter comparisons from models and from VNA and TDNA for the 3 inch
differential stripline.
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Figure 11 - Results of Sparameter comparisons from models and from VNA and TDNA for the 11

inch differential stripline.

The differences in these are explained inrtiaerials extraction andentification
process described belownitial and identified dielectric parametaran befoundin

Table A.1 in the AppendiA.
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Materials Properties Extraction

Here is one of the very interesting subjects about which some of the authors have written
aboutpreviously 1], [2]. Manufacturers of lowcost PCBs typically provida value of
dielectric constartypically at one frequency

Since thegoal of this project is to define higtonfidence design methodology for
meaningful jitter extractionwe reeceda concerted methodology for obtaining Dk and
LT over a 25GHz bandwidth.

Theolder method discussed in 2009, [1, and 2] involves:

1 Line segments olow reflective structure (very low §1,1])

1 Resonant structures high reflective structures with cleaesonances if§[1,1]

1 To identify dielectric properties we firgheasureandutilize TRL/LRM calibration to
remove launch and loss impact, moving the reference plane very close to the specific
structure

1 Perform iterative8D EM simulations while changingdand LT to converge oloth
return and insertion loss
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Figure 121 The old processflow for optimizing the material parameters for a given measured S
Parameter

The older method relied onmaethodology as outlined fRigure12 whichrelied on TRL
calibration, whereas the new method requires only simple SOLT calibration. TRL/LRM
makes the older method cumbersome, error prone, and requires numerous on board
calibration structures (LINE1, 2,3 THRU, OPENDAD).

Thenew material identification metho¢seeFigurel3) is based on comparison of the
GMS-parameters extracted from the measured data with-Ba&meters computed for a
line segment without launches or connectédditionally, there is no requirement to

know the impedance of thdibe, which is required when using the former TRL/LRM
method. The key in such comparison is the minimal number or the parameters to match.
Only generalized modal transmission parameters areemotand are used for

identification. Both computed and measured generalized reflection and modal transition
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parameters are equal to zero exactly. It simplifies the identification process a lot without
sacrificing the accuracy and make the Gpt8ametersnethod the simplest possible.

PCB dielectics are inhomogeneoussually a mixture of glassnd epoxy that can be
characterized either as the mixture of two models or, more oftenamnstfiective
dielectric model. The reasons are numerous:

1. Space beteen traces in coupled microstrip lines may be filled with theesold
mask dielectric materiabith properties different from the substrate dielectric
material.

2. Prepreg and core layers in sti@ configurations may haveifferent dielectric
properties Spacebetween traces in coupled sti@s may be filled witteither
epoxyor airdepending on the manufacturing technology.

For these reasonsse of one effective dielectric model magt be accurate enough for
analysis of coupled lines and for the sstalk analysis.For accurate characterization of
coupling effectyou may need to identify and use parameters of at least 2 dieldctrics
morepreferableamore accurate modeatdy you may need taiseone anisotropic
dielectric model in case of sttipes.

We usedGMS parameters of coupled lines for identification of material properties
suitable for accurate simulation of muifigabit signals in differential and coupled
interconnects up to 2B5 GHz.Our updated dielectric model propertieere therused

to validate analysis with the measurements for different coupled differential structures.
Fundamentally, this stage of the process modifies the assumptionslunadghe first
phaseof the process concerning the properties of the materials, andhevgaometry
assumptions of the second stage.
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Figure 137 New GMS method of material extraction

In broad strokes, comparison of specific features of the predicted versus the observed S
parameters, the assumptions concertimegDGresistance (crossecton and conductor
resistivity) wereadapted. The dielectric constants of insulator layen® theradapted to
match impedance differences and graigay
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Direct Jitter Measurement and Separation

The jitter extraction tosland algorithms (largely written by M.Miller) are those fram

LeCroy Oscilloscope. While sevenariations of thalgorithmsfor Random Jitter (R))

are availabletheonyone wused here is the Aindustry star
allows for directcomparison and compatibility with other oscilloscope vendors. It is the

experience of this author that this method yields reasonable results under most

circumstances evendhgh it has some weaknesses [8].

Summary for the overall procedure:
1. Digitized waweform data is digitally process¢alfi dee mb ecables and fixtures
which areto be excluded from the measurement.
2. The differential signals (in all cases here) are processed for threshold crossing
ti mes, and a0 fApve rrftouranhs r@IpoCDR)éythé a Recov e
purposes of synchronizing the egimgrams and jitter histograms.
3. Pattern detection is performed on the observed sequence (when a repeating
pattern is presentf edges. Time Interval Error (TIE) sequence is thus correlated
with a specificsequence. The systematic TIE values is learned, and then removed
from the sequence of edge times to provide a time error sequence representing
both random jitter and Abounded uncorrel a
variations in TIE are analyzed toguluce both the Inter Symbol Interference (1SI)
and the Data Dependent Jitter (DDj) paramef@defined in greater detail below)
4. This resulting function of time is spectrally analyzed, and two assumptions are
made.
a. Al | identified

NnpeakKidetiem mi me sspeodt r um
b. The remaining fAba

ckgroundo represents

For these measuremsiat 30 GHz reatime cscilloscope was chosen. For reasonable

fidelity in the shapes fortheeyei agrams it i s an industry Ar
leastt he fi fth harmonic of the frequency for
studies we are dointhis requiresat least a 25GHz analog bandwidth.

ul
a

The Centellax ~10Gb/s generator (TG2P1A) was used for both the baseline
measurements and for thesstik measurements.Wo such generators can be pha
locked easily, whiclis critical to the most interesting casef neighbor to neighbor
crossalk.

It is important to mention the care that needs to be taken in handlingjnadjty cables,
terminationssplitters and instrument inputs. We will not teach those details in this paper,
but suffice it to say you must take care in assembling cables and making connections to
not damage them and to obtain repeatable results. Standard practices must be followed
with attention to detail. During the work for this paper one SMA-tbed was found to

be damaged and falsified the first round of characterizations for the cables connecting the
test board to the oscilloscope. Every termination was tested and everyocasdeiite

accurate dembedding.
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First we examine some baseline measurements, to see if observations correspond to
expectationsThegener at or was used with some high qu:
differential stripline mentioned abovéth a 10Gb/s dta stream with PRBS7 (as we used

in simulations). Four measured-gort (s2p) files for the connection cables and the

model ed s2p for t he st(provuedibynSeottgecerrambined or and
to form a single s4p file representing the measwe nt i f iLeCrogimteznaltool A n

was used to perform this compilation of $@rt(s2p) Sparameter sets to prockia

single 4port (s4p). e fixture deembedding feature of the oscilloscope wanused to
mathematically remove the effect of tb&bles and launch so that w@ulddirectly

compare measurement results with initial-falrication predictions. This last process is

call ed ffmbetddr ev gdbe and i s -eadwscilloscapgedihe f or mo st
diagram below shows how this was agnfed.

Eve Doctor I Emulate ¥ De-embed Fixture

Fort 1 Fitre

1 |

"
F

Port2 Port 4

Figure 14-Dee mbeddi ng of the cables, connectors andol aunch
worth 1 to 2 ps in the ISI measurements made.

Before comparing results, |l et 6gwebwall cl ear abo
compare. The effect of a printed circuit str
has a timedomain impulse response which extends beyond a sirgpehod, and in

many casesxtends beyond many bit periods. This effectissometimed | ed Al nt er
Symbol I nterferencedo or | SI. There are two c
associated with this effect. One is DDj and the other is ISI. The definitions (originally

attributable to Agilent, but paraphrased) are:

1 Dependent onthe poshwithina r epeating sequence of dat
will have a systematic displacement in time (early or late) from the ideal edge
timing.

T AData Dependent Jittero, DDj is the diffe
systematic edgéme-displacement for all edges.

1 The ISI value is the larger of tlidfference between the earliest and the latest
systematic edgéme-displacement for positive edgesly, or for negative edges
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only. Or, in other words the larger of theakpeak time shift®f either positive
or negative edge slopes.

It should be obvious that the ISI value is always less than or equal t&\De)n they
differ significantly, it is due to some asymmetry in the signal shape or an error in the
threshold use for determining the edgeitg.

So, measurements were mallevas somewhat puzzling that this eye diagram and jitter
measurement did not correspond to our initiaHat®ication estimations. The ISI (data

dependent jitter contribution) was expected to be closer to 5 or 6domsaead is about

11 ps, and that when t he c-eanbddéed. Oneessentiask ct or s
reason for this apparent difference is that our signal source (stimulus for the modeling)

was fiperfecto with regaraDD ¢fmeaswsedwithno Dat a De
embedded channel whatsoever). The harsh reality is that: no real generator is free from

some amount of Ainherento I SI. We can imagin
generator itself has some printed circuit and probablybi t of cabl e or at |
(from the PC board to an output connector). Moreover, the digital circuitry required for

generating the digital pattern (in this case various PRBSx) introduces digitdddeled

which manifests as a pattedependeniij i t t er 0. Following this ob
generators were tested, and while one could hope larger more expensive instruments

would provide better performance in this regard, they did not (no names will be named).

SDA Jitter Titte-12) Ri(sp) Djtsp) BitRate
value 21975 ps 62315 10757 ps 1000286 Ghitises M2ps M.2ps

status 4 4 v v v v

Figre15: Direct measurement of CentellaE ( TG2P1A) Generator through 30dif
with cables, connectors and launches dembedded.The ISI measurement isl1.2ps whereas the
simple prediction using an ideal stimulus was 5.8pslow is the apparent difference explained?

When the gemrmator was measured directly (also good cables that weeedd e d d e d €
making hardly much difference) it was evident that there was already-defaadent

jitter and significant structure in the noiseless-diggram. In other words, the signal
generatomvas imperfect with regard to ISI and DDj before you even begin to pass the

generator signals through a printeidcuit structure.
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SDA Jitter Ti(1e12) RiCsp) Dicsp) EitRate oo 151
velue 7 ps 335 ts 3267 ps 1000267 Ghitisec 35ps 35ps
status v 4 v 4 v 4

Figure 16-Di r ect measur ement of CentellaxE (TG2P1A) Gener
pairs of cables used in other measurements). The ISI measurement is 3.5ps all by itself, and DDj is
the same.

SDA Jitter Ti(112) Ricsp) Dicsp) BitRats D) =]
value 10602 ps 399 fs 511 ps 10.00287 Ghitisec 5dps 4Bps
v

Figure 17- Direct measurementofCat el | axE ( TG2P1A) Generator with no
embedded cables (both pairs used in other measurements). The ISI measurement is 4.6ps and DDj is
5. 4ps € a surprise since-emheddgd are | ess without the

Direct measurement d@entdlax (no PC structures, just one pair of higlality cables

bet ween the generator and the oscilloscope),
we learned we were not going to obtain a better (in this regard) generator with which to

perform all the mesurements we required.

Lacking an ideal real signal source, the recorded signaihgasafteused as a stimulus
totheMonteCar |l o si mul ator, rather than an fAideal
AEmul ating the ¢ hann eile (seediguretXhEherdsolting i f f er ent i
measurements are called-Simnulations, because they use both real measurements and

simulated channel behavior.

So these Caimulations combine the information obtained either through 3D solvers and
TDNA or VNA measureds-parameter sets, with the measurement data obtained with the
reattime oscilloscope.
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3 inch differential stripline, at 10Gb/s
comparison of eye-diagram shape and of ISl

Smbeor
ISI =10.8ps

RS

R

Figure 18-4Cosi mul ati ons and 1 direct mikiasgmramefndar otf hd ho A
differential stripl ine structure, showing good agreement between the deterministic jitter for all of
these cases with measurement.

So far, so good. The same measurements assthudations were then performed on the
6-inch and 11inch stripline structures.
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6 inch Differential Stripline Comparison of Noiseless
Eye Diagrams, ISI and DD;j jitter figures.

Figure 19-4Cos i mul ati ons and 1 direct mkiasgmramefndar otf hd h&o i
differential stripline structure, showing good agreement between the deterministic jitter for all but
one of these casesith measurement and with eackother.
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11 inch Differential Stripline Comparison of
Noiseless Eye Diagrams, ISI and DDj jitter figures.

Figure 20-4Cosi mul ati ons and 1 direct mikiasqgmramefndr otf hdad hkl G
differential stripline structure, showing good agreement between th deterministic jitter for all but
one of these cases with measurement and with eacther.

ISI measured|ISI for Simbeo| ISI for Ansoft [ISI for SPARQ ISI for VNA
30 di ff 11.2ps 10.8ps 10.6ps 10.8ps 13.0ps
60 diff 17.1ps 19.1ps 19.5ps 18.3ps 19.5ps
110 dif 45.7ps 41.1ps 44.3ps 37.5ps 59.7ps

Table4-:ISlvaluesfor4Cosi mul ati ons and 1 direct rmdiagramur ement of
for the 30, 60 and 110 dhowinygoodeagreement for alltcaséespXcaptn e st r uct

for the 110 case.

DDj measured| DDj for Simbeo| DDj for Ansoft| DDjfor SPARQ DDjfor VNA
oé¢ RATT 11.2ps 12.6ps 12.0ps 12.6ps 13.0ps
cé RATT 18.5ps 20.5ps 20.4ps 18.8ps 30.7ps
MME  RORNE 7 51.4ps 43.7ps 45.8ps 39.0ps 63.4ps
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Table5-DDj valuesfor4 Ces i mul ati ons and 1 direct rmdlagramur ement of
for the 30, 60 and 110 differential stasesgxdeptne struct
for the 110 case.

The eyediagrams for all of the measurements ands@alationsfor the baselinean be
found inApperdix B: Oscilloscope Images

To understand this comparison it is important tesgréne following facts:
1 While the cesimulated (i.e. real input stimulus, but emulated channel) produces a

much cleaner eye diagram than the measurediaggam, the systematic
(ISlplot) noiselesseyd i agr am | ooks very fAbelievablyo

1 The ISI vales from the generator and those estimated for an ideal signal stimulus
do NOT add linearly, since the value is a ppakk for the entire distribution of
crossing times, and there is no guarantee that the ISI of the generator is distributed
inthesamewag s t he channel . I n (pagpredumptianl ar fAdi g
on my part that this is the principle culprih)the electronics does not look like a
bandlimited channel.

T The reader may al so noti csei mullatwean.| elvteds
important feature of emulation (applying the effect of a blanded channel) that
the noise bandwidth is reduced, and there is a lower level of noise at the output
than at the input. In addition, when the real channel is present, the signal
amplitude $ reduced and typically the noise of the oscilloscope becomes more
importantThe oscill oscopebs bandwidth is open
observing the output of the channel as well as having intrinsic noitseosin.

Here are the measured casesfdre 6 0 and 110 differenti al str

SDA Jitter Tte-12) RiCsp) Djcsp) BitRate o] [E]
value 36.690 ps 1412 ps 17.479ps 1000287 Ghitfser 185ps 171 ps
v v v L4 v

Figure 21—Mea sured 60 differ ent-émbédded. Measuped arenl&.1pwiSlt h cabl es
and 18.5ps of DDj
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SDA Jitter TitTe-12) Ritsp) DiCsp) Bitfate D) =]
value: 80.29 ps 325ps 3649 ps 1000287 Ghitisec S1dps 45T ps
v v v v

4 ]

Figure 22-Me as ur ed 1 1 otriptine With eables decemlzedideds Measured are 45.7ps ISI,
and 51.4ps of DDj

Preliminary conclusions on baseline measurements

For the 30 case, the correspondence for the
simulations compared to measured ealwith deembeddeaables, connectors and

|l aunches). The 60 case is still quite good,

the VNA data begin to diverge from direct measurement, The SPARQ data is yielding
about 10% lower ISI than the two 3D modétghile the VNA data predicts nearly 20%
higher I1SI than the measurement and nearly 50% higher than the two 3D data sets.

Cross -talk Measurements and Models

During the prefabrication phase, the generators and oscilloscope were already available,
andrater t han using an idealized (virtual) sigt
have been recorded and used irstnulation. The biggest reason NOT to rely on this
approach is that the virtual signal source was infinitely more flexible in terms ofrzatte

and injected aberrations. In particular for the purposes of-tatksghe variety of victim
aggressor combinations was a boon to experimentation. For example: very fine control of
the relative phase of the synchronous aggressor is possible withaiing a precise

and calibrated variable delay element. Another reason that the simulated stimulus is
desirable for the crodslk cases, is thahe 30GHz analog bandwidth oscilloscope that

was available recorded only 2 channels of 80G samples/s. \Whitaiid have been

possible to record on 4 channels at 16GHz with this particular oscilloscope, | decided that
would be insufficient for a thorough treatment of the 10 Gb/s data signal. As such, | could
not caesimulate with both an aggressor and victim viahéce phase locked. Neither could

| invest the time to build a more sophisticated virtual stimulus (which | know is possible)
to obtain a flexible aggressor which is phase locked to the victim.
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Relatively content with the correspondence between actusdurement and prediction
for the simple fibaselined structures, some e
Many scenarios were studiaeghich only one such trial is described below.

The AMcMorrow gredtp prevideta fod costlleptaform. As with
our other aims, this was substantially more complex than we had time to thoroughly
explore. However, it is already quite an interesting exercise to explore justpmme 8
case (allowing for the assumption of perfectly terminated structurehare excluded).

It is possibleto reduce a 1ort scattering parameter set to apdt set of parameters.

The tools used in this case are internally developed tools (at LeCroy), but certainly other
tools are available. Once equipped with goo8t description, the simp 1 victim, 1-

aggressor differential scenario is easy to simulate.

While crosstalk is sometimes discussed in terms of comimmade and differentiainode
Acouplingod, another approach (andhatthbe one |
S-parameter set (singlended or mixeanode) completely describes the coupling

between two differential pairs. In other words, to emulate the s8p system with the victim

pair and aggressor pair associated with these ports (or something similar).

i e
file "myFile.s=2p"

Port 1 1 3 Port &

“ictim Differential Input “ictim Differential Cutput
Pot2 2 4 Port b

Port 3 5 7 Port 7

Aggressar Differential Input Aggressor Differential Input
Fotd s g Port 8

Figure 23- Schematic of VictimAggressor configuration for an 8port Scattering Parameter set.

Once so equipped, by providing stimulus for the victim and for the aggressor can provide
measurements of the effect of the aggreesar t he vi cttdlnk 0. .orSuich os s
simulations are extraordinarily useful (compared to actual measurements) not only
because t hey -fcaabndO bée bduotnea lfispor ebecause si mul at
than what can be achieved with real generatotsraeasurements.

Below is a simulation (postnaterial extractiondfSp ar amet er s for one fAbr

of the AMcMorrow Céoigue2derios fThe c¢onstolcacas ¢,
aggress@ c ase.
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i
SDA Jitter Ti(1e12) Ritsp) Djcsp) BitRiats oDj Isl
value 55020 ps 535 15 455140 10.01864 Ghilfsec 444 ps 401 ps
status L v L v 4 v

400kS

Figure 24- A simul ation of the fino aggressor o-takase f
stripline. fAemul atingo t-poeS-mataaeters &#dm AnSoft 3D golvérh e r

The left frame shows the noiseless eyagram, the histayram of jitter (data -dependent effects
removed) and the fiBathTubo curve.

The entire simulation of the s8p structwasused, however the aggressor has no

stimulus. This serves as the no ctafiscase. Then an aggressasapplied, and the

v i ct i puomdssobsewesd. For this case, wals®RBS31 data stream whislas
synchronous with the victim channel, but ess

It should be obvious thatvere we to use the same PRBS7 for the aggressor, the effect

would maniest as data depdant jitter,having the same effect on every bit of the PRBS7

sequence on the victim. That would not be a useful case. Likewise, a sequence which is
Aishdritke PRBS9 for example, would after some
with the victim patern. It is our belief that such scenarios are not representative of cross

tal k -ii hepbeal

Ri T I

\ /

i
SDA Jitter Ti(1212) Ricsp) Djcsp) BitRate o]
value 66,043 ps 2140 ps 375 ps 1001584 Ghitiser 400ps

v L4

Figure 25- A simulation of the PRBS31 synchronous aggressor case for the long run of the
McMorrow cross-t al k stri pl o6 ntehefi&mah a gortriSgparametgrsftorhne 16
AnSoft 3D solver. The aggressor i sTheleftframeshowsBr oadsi de

the noiseless eydiagram, the histogram of jitter (data-dependent effects removed) and the
AiBat hTub.0 cur
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Armed with this prediction, we move forward to an actual measurement of thet@foss
scenario. As for the simulation, a synchronous aggressor of PRBS31 is used.

— =

SDA Jitter
value
status

t he

Figure 26 - Direct measurement of the victim differentialpp i r f or
ficontrol o case, so the

i
TitteA12) Ritsp) Ditsp) BitRate D) E]
444ps
v

57577 pe 1.024 ps 43.553ps 1000287 Ghitisec 44.4 ps
v v L4 v v

t he
aggressor

with a real-time oscilloscope. @rrelation with the simulation is excellent.

SDA Jitter

status

i
Title-12) Rizp) Dilsp)
9316 ps 346ps 45:82ps 1000287 Ghitsec s08ps

Bitfote =] o)
609 ps

Figure 27-Di r ect measurement of the victim differential p
victim is PRBS7 and the aggressor is PRBS31 phase locked to the sartock, but at arbitrary phase
( Cables are deembedded even though they are high quality)
While the ontrolcaseistexb ook fAigood correlationo, there i
things make less sense from when looking at this result.
1. Even in the simulation case, it appears the Rj for the aggressmase triples
from about 700fs to 2.1ps. Likewise in thieasured case the Rj triples. The
absolute value of the Rj is not so important since the simulation source (NOT
Co-simulation) has a setting which produces the lower control case number of
700fs). | believe this is due to a weakness in the assumptiothsnuse
spectr al Rj met hod, which in t-his case
jitter produced by the PRBS31 agg

bandbo
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2. The More surprising result is that the I1SI and DDj numbers grow much larger
for the crosdalk case than in the sidagion. This is not expected, since these
data dependent measurements are averages, and the Aggressor is in principle
un-correlated! fear, this may be due to the nearly closed @yhe measured
crosstalk case. | believe this identifies an issue that reladdressed in the
future (in the jitter extraction software).

A further experiment was performed, using this same measurement (wavefornh) data.

fact, 1 tdéds quite a practical experiment, sin
weobsere and expect for the 110 dikelytopel i ne, s 0 me
required. As such, jitter measurements for this case are perhaps more meaningful for the

Neves Pathological.

For the following images, the spectrum of jitter is shown onefieNotice that the

crosst al k case has a much | arger fAbackgroundo.
frankly it is not really Rj (sincethecressal k contri butions are deci
The crosgalk from the uncorrelated PRBS31 masquesaals background in the

spectrum.

SDA Jitter Titte-12) Ri(sp) Gi(sp) Bitfste 151 ]
value 27463 ps 6215 15398 ps 1000287 Ghit/sec 161 ps 164 ps
v v 4

Figure 28 - Using an FFE equalizer to open the eye, the jitter and eye diagram can still be calculated
for (McMorrow) simulation. This is thtoncontr ol or
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SDA Jitter Ti(1e12) RiCsp) Ditsp) BitRste 151 D)
value 40475 ps 1321 ps 13894 ps 1000257 Ghitsec 161 ps 184 ps

Tmebase 0.0 (] [Trioosr  GAGD)

Figure 29 - Using an FFE equalizer to open the eye (same tap values), the jitter and eye diagram can

still be calculated. Synchronous PRBS31 aggressor (McMorrow). This is a simulation of the
flaggr-esdocasel SNoaedtDbhBj d o n o expdactadcsinge thesyare € whi ch i s

systematic. Note also that the Rj value increases by about a factor of 2.

Figure 30-Measur ement of PRBS7 Vi-corsor, as foésimul&tigns &ove. a p s 2 pre
This is not a simulation. It is the control case (no Aggressor). Approximately 1 million UL.
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