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INFORMATION TECHNOLOGY -
FIBRE CHANNEL -

Part 117: Methodologies for jitter
and signal quality (MJSQ)

10)

FOREVWURD

ISO (International Organization for Standardization) and IEC (International Electrotechnical Commission) form‘the
specialized system for worldwide standardization. National bodies that are members of ISO or IEC participate in
the development of International Standards. Their preparation is entrusted to technical committees; ahy ISO and
IEC member body interested in the subject dealt with may participate in this preparatory worK~International
governmental and non-governmental organizations liaising with ISO and IEC also participate in thisypreparation.

In the field of information technology, ISO and IEC have established a joint technical committee, ISO/IEC JTC 1.
Draft International Standards adopted by the joint technical committee are circulated to pational bodies for voting.
Publication as an International Standard requires approval by at least 75 % of the natignal bodies casting a vote.

The formal decisions or agreements of IEC and ISO on technical matters express, as nearly as possible, an
international consensus of opinion on the relevant subjects since each technjcal.committee has representation
from all interested IEC and ISO member bodies.

IEC, ISO and ISO/IEC publications have the form of recommendations*fof international use and are accepted
by IEC and ISO member bodies in that sense. While all reasonable efforts are made to ensure that the
technical content of IEC, ISO and ISO/IEC publications is accurate, tEC or ISO cannot be held responsible for
the way in which they are used or for any misinterpretation by anysend user.

In order to promote international uniformity, IEC and IS@ member bodies undertake to apply IEC, ISO and
ISO/IEC publications transparently to the maximum extent‘possible in their national and regional publications.
Any divergence between any ISO/IEC publication and the corresponding national or regional publication
should be clearly indicated in the latter.

ISO and IEC provide no marking procedure to_indicate their approval and cannot be rendered responsible for
any equipment declared to be in conformity-with an ISO/IEC publication.

All users should ensure that they have,thé latest edition of this publication.

No liability shall attach to IEC or ISO,or its directors, employees, servants or agents including individual experts
and members of their technical~=cemmittees and IEC or ISO member bodies for any personal injury, property
damage or other damage of any-nature whatsoever, whether direct or indirect, or for costs (including legal fees)
and expenses arising out ofithe publication of, use of, or reliance upon, this ISO/IEC publication or any other IEC,
ISO or ISO/IEC publications:

Attention is drawn to the reference documents cited in this publication. Use of the referenced publications is
indispensable for(the correct application of this publication.

Attention isg/drawn to the possibility that some of the elements of this Technical Report, type 3, may be the
subject of/patent rights. ISO and IEC shall not be held responsible for identifying any or all such patent rights.

The main task of IEC and ISO technical committees is to prepare International Standards. In
exceptional circumstances, ISO/IEC JTC 1 or a subcommittee may propose the publication of
a technical report of one of the following types:

typp’l when the required support cannot be obtained for the publication of an
International Standard, despite repeated efforts;

type 2, when the subject is still under technical development or where, for any other
reason, there is the future but not immediate possibility of an agreement on an
International Standard;

type 3, when the technical committee has collected data of a different kind from that which
is normally published as an International Standard, for example ‘state of the art’.

Technical reports of types 1 and 2 are subject to review within three years of publication to
decide whether they can be transformed into International Standards. Technical reports of
type 3 do not necessarily have to be reviewed until the data they provide are considered to be
no longer valid or useful.
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ISO/IEC TR 14165-117, which is a technical report of type 3, was prepared by subcom-
mittee 25: Interconnection of information technology equipment, of ISO/IEC joint technical
committee 1: Information technology.

This Technical Report has been approved by vote of the member bodies, and the voting
results may be obtained from the address given on the second title page.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2
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INFORMATION TECHNOLOGY -
FIBRE CHANNEL —

Part 117: Methodologies for jitter
and signal quality (MJSQ)

1 Scope

The measurement methods and specifications are intended to be used as part of a total signal perfor-

mance compliance requirement set where the phase content of the signal is involved. A more generalized
concept for jitter compliance testing is developed where the phase properties of the signals at signal lej
els other than the nominal receiver switching point are considered as well as the phase properti€s at th
nominal receiver detection threshold. The purpose of this report is to provide background information fo
revising and expanding the signal specifications presently contained within the FC-PH-n; FC-PI-n
FC-100-DF-EL-S and 10GFC standards and draft standards. The MJSQ technical report iSuSed as a basi
for many of the signal specification methodologies in these documents. A further purposelis to increase th
general understanding of jitter in multi-gigabaud serial transmissions for applicationxto transports othej
than Fibre Channel. Documenting high speed serial signal measurement metheds provides encourage
ment to instrument companies to create compatible measurement systems and*fixturing capable of sup
porting 1 GBd and higher transmission rates and more generalized jitter conCepts.

2

=

= (0=

Although this document is optimized for use with Fibre Channel, thexmeasurement methodologies ar
applicable to a broad range of serial transmission schemes.

1%

This Technical Report applies to fully functional Fibre Channel subsystem and FC port implementations ag
well as to the individual components that comprise the link¢This allows device and enclosure level qualif
cation and the inclusion of system jitter contributions such as power supply noise, motor noise, crosstal
and signal rejuvenaters.

A major goal of MJSQ is to improve the relationship’between measurements on signals and receiver per
formance in terms of bit errors.

The report adds to or extends previous work in the following areas:

1=

a) Exposing serious implementation errors commonly found from improper use of BERT's an
sampling oscilloscopes{improper use of time references and improper extraction of total jitter from
sampling oscilloscopes)

b) Algorithms for separating jitter components

c) Complete specifications for executing tests including test fixtures, instrumentation specificationg,
calibration schemes, measurement processes and data output formats - examples for severd|
electrical and optical applications

d) Methodelogy for specifying launched and received signals when pre-emphasis or receiver signg
processing is used

e) Inclusion of events occurring at all signal levels within the allowed eye opening at the specifie
tetal population probability (e.qg., 10‘12)

i\ vExtending the receiver tolerance methodology to consider effects of different population distribu
tions.

1=

(D

Tha MI1ISO Taochnical Ranartic nfaormatinvia and advicans anhy, Cartain cantante of thic dosiymant maay, Kb
eV e e e POt oo oty C ot oot oy 1o Oy - Oy ottt T o te it Ot oo e oty o

incorporated into the appropriate INCITS standards in the future.
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2 Normative references

The following referenced documents are indispensable for the application of this document. For dated ref-
erences, only the edition cited applies. For undated references, the latest edition of the referenced docu-
ment (including any amendments) applies.

2.1 Approved references

[11 [ISO/IEC 14165-115, Information technology - Fibre channel - Part 115: Physical interfaces (FC-PI)
[INCITS 352 -2002, Rev 13]

GFC) [INCITS 364 -2003]

[8] ISO/IEC 8802-3, Information technology - Telecommunications and information exchange betwee
systems — Local and metropolitan area networks — Specific requirements - Part 3: Carfier sens
multiple access with collision detection (CSMA/CD) access method and physical layer $pecifications,
Clause AE: Media Access Control Parameters, Physical Layer, Repeater andsManagemen
Parameters for 10 Gbit/s Operation (10 Gigabit Ethernet) [[EEE P802.3ae]

2.2 Other references

All references in this subclause were correct at the time of approval of this Technical Report. The prov
sions of the referenced specifications, as identified in this subclause, are yalid within the context of thi
Technical Report. The reference to a specification within this Technical Report does not give it any furthe
status within ISO or IEC.

=}

D

~

=T

[4] ANSIINCITS 230 (R1999) - Fibre Channel - Physical and Signaling Interface (FC-PH)

[5] Synchronous Optical Network (SONET) Transport Systems: Common Criteria (GR-253-CORH,
December 2005)

[6] ANSI T1.105, Synchronous Optical Network YSONET) Basic Description Including Multiple
Structures, Rates and Formats

[71 ANSI T1.105.06, SONET: Physical Layer Spécifications
[8] OFSTP-4A (EIA/TIA-526-4) - Optical Eye Pattern Measurement Procedure

=X

3 Definitions and conventions

3.1 Overview
For the purposes of this doeument the following acronyms, definitions, conventions and symbols apply .

3.2 Conventions

All drawings in this@dacument conform to the conventions in figure 1.

single-ended electrical signal, differential electrical signal, or optical fibre -
context dependent

differential electrical signal / pcb traces

— Simplex optical or electrical path

._‘ duplex serial cable assembly (optical or electrical)

Figure 1 - Drawing conventions
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In the event of conflicts between the text, tables and figures in this document, the following precedence
shall be used: text, tables and figures.

Certain words and terms used in this American National Technical Report have a specific meaning beyond
the normal English meaning. These words and terms are defined either in clause 3 or in the text where
they first appear.

All parametric data are specified in terms of fundamental MKSA units - meters, kilograms, seconds,
amperes - and their derivatives - ohms, henrys, mhos, farads, volts, coulombs, etc.

Decimals are indicated with a comma (e.q., two and one half is represented as 2,5).

o

Decimal numbers with more than three significant digits on either side of the decimal point are separate
into groups of three digits by means of a space, for example, 2,997 924 58 x 102 or 1 062,5 MBd.

Units prefixed by k, M and G refer to 1E3, 1E6 and 1E9 respectively, not 210, 220 and 230,
An alphanumeric list (e.g., a, b, c or A, B, C) of items indicate the items in the list are unerdered.

A numeric list (e.g., 1,2,3) of items indicate the items in the list are ordered_(i€x, item 1 shall occur of
complete before item 2).

Bold fonts, when used in body text, indicate additional emphasis.

3.3 Keywords
Expected: anticipated to be true, assumed to exist

May: Indicates flexibility of choice with no implied preferenceyalso means that the ability exists in the refer
enced topic.

Optional: Features that are not required to be impleémented by this document. However, if any optional fea
ture defined by this document is implemented, it'shall be implemented as defined in this document.

Shall: Indicates a requirement for complianceto this document. Since this is a technical report there are np
enforceable requirements.

Should: Indicates flexibility of choicé with a preferred alternative; equivalent to the phrase “it is recom
mended”.

3.4 Acronyms

ARB A specific primitive bit sequence as defined in FC-PH
BER Bit Error Ratio

BERT Bit Error Rate Tester

BUJ Bounded Uncorrelated Jitter

BWJ Baseline Wander Jitter

CDF Cumulative Distribution Function
CDR Clock and Data Recovery

CJTIRAT Compliant Jitter Tolerance PATtern
CRC Cyclic Redundancy Check

CRPAT Compliant Random PATtern

CRU Clock Recovery Unit

CSPAT Compliant SSO pattern

DCD Duty Cycle Distortion

DJ Deterministic Jitter

DDJ Data Dependent Jitter

DIJ Dispersion Induced Jitter
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DTS Direct Time Synthesis

DUT Device Under Test

EOF End Of Frame; a primitive bit sequence as defined in FC-PH

EQ EQuivalent time (OscilloScope)

ESD Electrostatic Discharge

FC Fibre Channel

FCS Fibre Channel Standard

FFT Fast Fourier Transform

FUT fibre Under Test

HA Host Adapter

HDD Hard Disk Drive

IDLE A specific primitive bit sequence as defined in FC-PH

ISI Inter-Symbol Interference

JBOD Just a Bunch Of Disks

JTPAT Jitter Tolerance test PATtern

LPDDJ Low Probability Data Dependent Jitte

MJISQ Methodologies for Jitter and Signal Quality Specification

MM Multi Mode (fibre)

OFSTP Optical Fibre System Test Practice

PBC Port Bypass Circuit

PDF Probability Density Function

PLL Phase Locked Loop

PMD Physical Media Dependent sublayer

R_RDY Receive Ready, a specific primitive bit' sequence as defined in FC-PH

RBC Recovered Byte Clock (one tenth of-signaling rate as defined in 10 bit TR

RJ Random Jitter

RIJ Reflection Induced Jitter

RPAT Random Pattern

RSS Root-Sum-of-Squares

RT Real Time (oscilloscope) or retimer (link component)

RX Receive

SERDES SERializer and BESerializer function. The CDR function is included in th
deserializer.

SM Single Mode(fibre)

SPAT Simultaneobus Switching Outputs (SSO) Pattern

SOF Start ©f-Frame; a primitive bit sequence defined in FC-PH

SSO Simultaneous Switching Outputs

TBC Transmit Byte Clock

TIA Timing Interval Analyzer

TJ Total Jitter

TX Transmit

ul Unit Interval

WMV Waveform Mask Violation (event where the allowable limits are exceeded

3.5 Terms-and definitions

3.5.1 ofver: Alpha T, Alpha R; reference points used for establishing signal budgets at the chip pins d
the transmitter and receiver in an FC device or retiming element

3.5.2. Br, Pr: Beta T, Beta R;

interoperability points used for establishing signal budget at the interng

connector nearest the alpha point unless the point also satisfies the definition for delta or gamm

\1%

=

1=

where it is either a delta or a gamma point

3.5.3 &1, Or: Delta T, Delta R; interoperability points used for establishing signal budget at the internal
connector of a removable PMD element

354 v, vt Gamma T, Gamma R; interoperability points used for establishing signal budgets at the
external enclosure connector
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3.5.5

3.5.6
3.5.7

3.5.8

3.5.9

AlphaT, Alpha R: see o7, og
attenuation: the transmission medium power loss expressed in units of dB

average power: the optical power measured using an average reading power meter when
transmitting valid 8B/10B transmission characters

bandwidth: in jitter context, the corner frequency of a low-pass transmission characteristic, such
as that of an optical receiver. The modal bandwidth of an optical fibore medium is expressed in
units of MHz-km

bathtub curve: a description of the shape of a BER or CDF curve that has steep walls to a noise
floor (a flat battom) where the probability of population is small

3.5.10

3.5.11
3.5.12

3.5.13

3.5.14

3.5.15

3.5.16

3.5.17

3.5.18

3.5.19

3.5.20

3.5.2%

baud (Bd): a unit of signalling speed, expressed as the maximum number of times per second\th
signal may change the state of the transmission line or other medium (Units of baud are symbols
s)

\1%4

~—

NOTE With the Fibre Channel transmission scheme, a symbol represents a single transmission bif.
[(Adapted from IEEE Std. 610.7-1995 [A16].12)].

Beta T, Beta R: see By, Br

bit error ratio (BER): the probability of a correct transmitted bit being erroneously received in @
communication system. For purposes of this report BER is the number of bits output from a
receiver that differ from the correct transmitted bits, divided by the nimber of transmitted bits

bit clock: clock used in a jitter measurement that generates.d single positive and a singl¢
negative transition per unit interval for the purpose of triggering the measuring device. Note that
the bit clock frequency is twice the fundamental frequency. ef an alternating 1010... data stream
and is equal numerically to the signalling rate expressed-in baud

o7

bulkhead: the boundary between the shielded system enclosure (where EMC compliance i
maintained) and the external interconnect attachment

cable plant: all passive communications elements (e.g., optical fibre, twisted pair, coaxial cablg,
connectors, splices, etc.) between a transmitter and a receiver

clock data recovery (CDR): the function is provided by the SERDES circuitry responsible fg
producing a regular clock signal fram‘the serial data and for aligning this clock to the serial dat
bits. The CDR uses the recovered-clock to recover the data

o=

character: a defined set of n centiguous bits where n is determined by the encoding scheme. For
FC that uses 8b10b encoding, n = 10

o7

coaxial cable: an unbalanced electrical transmission medium consisting of concentric conductor
separated by a diglectric material with the dimensions and material arranged to give a specifie
electrical impedance

o

complianee point: an interoperability point where the interoperability specifications are mef.
Compliamce-points may include beta, gamma and delta points for transmitters and receivers

component: entities that make up the link. Examples are connectors, cable assemblies,
transeeivers, port bypass circuits and hubs

connector: electro-mechanical or opto-mechanical components consisting of a receptacle and a
plug that provides a separable interface between two transmission media segments. Connectorg
may introduce physical disturbances to the transmission path due to impedance mismatch,
crosstalk, etc. These disturbances may introduce jitter under certain conditions

3.5.22
3.5.23

3.5.24

coupler: a connector that mates two like media together

cumulative distribution function (CDF): the integral of the PDF from - infinity to a specific time
or from a specific time to + infinity

delta function: a pulse with zero width and unity amplitude. See also Dirac delta function
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3.5.26

3.5.27
3.5.28
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Delta T, Delta R: see &1, g

deterministic jitter, (level 1 DJ): the value returned by the calculation for DJ defined in clause 8.
Any valid CDF may be used as input to this calculation. DJ used for compliance and budgeting is
level 1 DJ. See also jitter, deterministic

Dirac delta function: a pulse with zero width and unity area. See also delta function

dispersion: (1) A term used to denote pulse broadening and distortion from all causes. The two
causes of dispersion in optical transmissions are modal dispersion, due to the difference in the
propagation velocity of the propagation modes in a multimode fibre and chromatic dispersion, due
to the difference in propagation of the various spectral components of the optical source. Similar

3.5.29
3.5.30

3.5.31

3.5.32

3.5.33

3.5.34

3.5.35

3.5.36

€TTects exist In electrical transmission Ines. (2) Frequency dispersion caused by a dependence df
propagation velocity on frequency, that leads to a pulse widening in a system with infinitelyowide
bandwidth. The term ‘dispersion’ when used without qualifiers refers to definition (1)

dual-Dirac: a pair of Dirac delta functions

duty cycle distortion (DCD): (1) The absolute value of one half the difference_in the averag
pulse width of a "1’ pulse or a '0’ pulse and the ideal bit time in a clock-like (repeating 0,1,0,1,...) b
sequence. (2) One-half of the difference of the average width of a one and the average width of
zero in a waveform eye pattern measurement. Definition (2) contains the sign-of the difference an
is useful in the presence of actual data. DCD from definition (2) may, be Used with arbitrary dat
and is approximately the same quantitatively as that observed with elock like patterns in definitio
(1). DCD is not a level 1 quantity. DCD is considered to be correlated to the data pattern becaus
it is synchronous with the bit edges. Mechanisms that produce. DCD are not expected to chang
significantly with different data patterns. The observation of BED may change with changes in th
data pattern. DCD is part of the DJ distribution and isimeasured at the average value of th
waveform

OO0 ——=

effective DJ: DJ used for level 1 compliance testifig)and determined by curve fitting a measure
CDF to a cumulative or integrated dual-Dirac function, where each Dirac impulse, located at +DJ/
and -DJ/2, is convolved with separate half-magnitude Gaussian functions with standard deviation
sigmal and sigma2. Equivalent to level 1 DJ. See clause 8

o

electrical fall time: the time interval for.the falling edge of an electrical pulse to transit between
specified percentages of the signal amplitude. In the context of MJSQ the measurement points ar
the 80 % and 20 % voltage levels

A1

electrical rise time: the time“interval for the rising edge of an electrical pulse to transit between
specified percentages of. the'signal amplitude. In the context of MJSQ, the measurement points
are the 20 % and 80 % voltage levels

enclosure: the outermost electromagnetic boundary (that acts as an EMI barrier) containing on
or more FC devjces

\1%

event: the measured deviation of a single signal edge time at a defined signal level of the signg
from a reference time. The reference time is the jitter-timing-reference specified in 6.2.3. Event
are alsowreferred to as jitter events or signal events without changing the meaning. Example
include-a sample in a sampling oscilloscope, a single TIA measurement, an error or non erro
reported by a BERT at a reference time and signal level

==

—h

external connector: a bulkhead connector, whose purpose is to carry FC signals into and out 0
an enclosure, that exits the enclosure with only minor compromise to the shield effectiveness df
the enclosure
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signal population determines whether a jitter eye mask violation has occurred. Either time jitter or
signal level jitter may be used to measure the eye contour

FC device: an entity that contains the FC protocol functions and that has one or more of the
connectors defined in this document. Examples are: host bus adapters, disk drives and switches.
Devices may have internal connectors or bulkhead connectors
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3.5.39

3.5.40
3.541

3.5.42

3543

FC device connector: a connector defined in this document that carries the FC serial data
signals into and out of the FC device

Gamma T, Gamma R: see v, 1

Golden PLL: a function that conforms to the requirements in subclause 6.10.2 that extracts the
jitter timing reference from the data stream under test to be used as the timing reference for the
instrument used for measuring the jitter in the signal under test

internal connector: a connector, whose purpose is to carry the FC signals within an enclosure
(may be shielded or unshielded)

internal EC Device: an EC device whase EC device connector is contained within an enclosure

3.5.44

3.5.45

3.5.46

3.5.47

3.5.48

3.5.49

Intersymbol Interference (ISI): reduction in the distinction of a pulse caused by overlappin
energy from neighboring pulses. (Neighboring means close enough to have significantenerg
overlapping and does not imply or exclude adjacent pulses - many bit times may separate th
pulses especially in the case of reflections). ISI may result in DDJ and vertical,eye closureg.
Important mechanisms that produce ISI are dispersion, reflections and circuits that lead tp
baseline wander

<<

=

jitter: the collection of instantaneous deviations of a signal edge times at ardefined signal level o
the signal from the reference times for those events. The £eference time is th
jitter-timing-reference specified in 6.2.3 that occurs under a specific set of conditions

\1%2

jitter, baseline wander induced (BWJ): a form of DDJ thatds caused by the effects of th
transfer function of a of a high-pass filter circuit in the signal\fransmission process. Couplin
circuits may cause ISI effects that produce correlated deterministic jitter

\172

<

jitter, bounded and uncorrelated (BUJ): the part of thé.deterministic jitter that is not aligned i
time to the HPDDJ and DCD in the data stream being measured. Sources of BUJ include, (1
power supply noise that affects the launched signal, (2) crosstalk that occurs during transmissio
and (3) clipped Gaussian distributions caused by<properties of active circuits. BUJ usually is hig
population DJ, with the possible exception of pewer supply noise

=

= =

jitter, data dependent (DDJ): jitter that is.@dded when the transmission pattern is changed from @
clock like to a non-clock like pattern. For example, data dependent deterministic jitter may bé¢
caused by the time differences required for the signal to arrive at the receiver threshold when
starting from different places in.hit'sequences (symbols). DDJ is expected whenever any bit
sequence has frequency components that are propagated at different rates. For example whe
using media that attenuates_the peak amplitude of the bit sequence consisting of alternatin
0,1,0,1... more than peak.amplitude of the bit sequence consisting of 0,0,0,0,1,1,1,1... the tim
required to reach the.réceiver threshold with the 0,1,0,1... is less than required from th
0,0,0,0,1,1,1,1.... The run length of 4 produces a higher amplitude that takes more time t
overcome whenschanging bit values and therefore produces a time difference compared to the ru
length of 1 bit sequence. When different run lengths are mixed in the same transmission th
different bit'sequences (symbols) therefore interfere with each other. Data dependent jitter ma
also be.caused by reflections, ground bounce, transfer functions of coupling circuits and othef
mechanisms

OO 0P =

jitter; deterministic (DJ): jitter with non-Gaussian probability density function. Deterministic jitte
is always bounded in amplitude and has specific causes. Deterministic jitter comprises (1
correlated DJ (data dependent (DDJ) and duty cycle distortion (DCD)) and (2) DJ that i
uncorrelated to the data and bounded in amplitude (BUJ). DJ is characterized by its bounded,
peak-to-peak value. Level 1 DJ, see 3.5.26 and 3.5.66, is defined by an assumed CDF form and

=

12}
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3.5.50

3.5.51
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jitter, dispersion induced (DIJ): a form of DDJ that is caused by dispersion in the signal
transmission process. Dispersion may cause ISI effects that produce correlated deterministic jitter

jitter, periodic (PJ): spectral peaks in the BUJ frequency spectrum
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3.5.53
3.5.54
3.5.55

3.5.56
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jitter, reflection induced (RIJ): a form of DDJ caused by reflections in the signal transmission
process. Reflections may cause ISl effects that produce correlated deterministic jitter

jitter, sinusiodal (SJ): single tone jitter applied during signal tolerance testing
jitter distribution: a general term describing either PDF or CDF properties

jitter eye opening (horizontal): the time interval, measured at the signal level for the
measurement (commonly at the time-averaged signal level), between the 1012 CDF level for the
leading and trailing transitions associated with a unit interval (see figure 20 and figure 21)

jitter frequency: the frequency associated with the jitter waveform produced by plotting the jitter

for each sianal edae against bit time-in-a continuously runnina bit stream.-See 611
~ ~J ~J P4 ~

3.5.57
3.5.58
3.5.59
3.5.60

3.5.61

3.5.62

3.5.63

3.5.64

3:6.65

jitter output: the quantity of jitter at a specific physical position in the link
jitter, random, RJ: jitter that is characterized by a Gaussian distribution and is unbounded

jitter, residual: jitter that remains after the DDJ and the DCD is removed

o

jitter, total, TJ: total jitter in Ul is calculated from (1 - jitter eye opening) where jitteeye opening i
measured in Ul

=

jitter timing reference: the signal used as the basis for calculating the.jitter in the signal unde
test. The jitter timing reference has specific requirements on its ability<to track and respond t
changes in the signal under test (see 6.2.3). The jitter timing reference may be different from othe
timing references available in the system

= &

=

jitter transfer: the ratio as a function of jitter frequency between the jitter output and jitter input fo
a link element (component, device, or system) often expressed in dB. A negative dB jitter transfe
indicates the element removed jitter. A positive dB jitter transfer indicates the element added jitter.
A 0 dB jitter transfer indicates the element had no efféet on jitter

=

—

jitter tolerance for links: the ability of the link downstream from the receive interoperability poin
(v By, or 8;) to recover transmitted bits in an ilecoming data stream in the presence of specifie

jitter in the signal. Jitter tolerance is measured by the amount of jitter required to produce
specified bit error ratio. The required jitter tolerance performance depends on the frequenc
content of the jitter. Since detection of*bit errors is required to determine the jitter tolerance
receivers embedded in an FC Portsrequire that the Port be capable of reporting bit errors. Fo
receivers that are not embedded'in FC Ports the bit error detection and reporting may b
accomplished by instrumentation attached to the output of the receiver. Jitter tolerance is alway
measured using the minimum allowed signal amplitude unless otherwise specified. See als
3.5.89

o

o=

jitter tolerance for receivers: the ability of a receiver to recover transmitted bits in an incomin
data stream in théspresence of specified jitter in the signal. Jitter tolerance is measured by th
amount of jitter xequired to produce a specified bit error ratio. The reference point for the jitte
tolerance of-the’receiver is the o point. The required jitter tolerance performance depends on th

frequency-content of the jitter. Since detection of bit errors is required to determine the jitte
tolerabeg, receivers embedded in an FC Port require that the Port be capable of reporting b
errgrs) For receivers that are not embedded in an FC Port the bit error detection and reporting ma
betaccomplished by instrumentation attached to the output of the receiver. Jitter tolerance i
always measured using the minimum allowed signal amplitude unless otherwise specified. Se
also 3.5.89

T

— s

o—0

level:

1 _A document nrtifir‘n’ for nynmpln, I:(“_n1 used to group related architectural functions. No

specific correspondence is intended between levels and actual implementations.

2. In FC-PI-n context, a specific value of voltage or optical power (e.g., voltage level).

3. The type of measurement: level 1 is a measurement intended for compliance, level 2 is a
measurement intended for characterization/diagnosis
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3.5.66

3.5.67

3.5.68

3.5.70
3.5.71

3.5.72

3.5.73

3.5.74

3.5.75

3.5.76

3.5.77

3.5.78

3.5.79

3.5.80

3.5.81

level 1 DJ: term used in this document for the effective DJ value that is used for DJ compliance
purposes

limiting amplifier: an active non-linear circuit with amplitude gain that keeps the output levels
within specified levels, but are generally not designed to reduce jitter and may increase jitter

media: (1) General term referring to all the elements comprising the interconnect. This includes
fibre optic cables, optical converters, electrical cables, pc boards, connectors, hubs and port
bypass circuits. (2) May be used in a narrow sense to refer to the bulk cable material in cable
assemblies that are not part of the connectors. Due to the multiplicity of meanings for this term its
use is not encouraged

between specified percentages of the signal amplitude. For lasers the transitions are measureg
between the 80 % and 20 % points

optical fibre: any filament or fibre, made of dielectric material, that guides light

optical modulation amplitude: the positive difference in power between the settled and
averaged value of a long string of contiguous logic one bits and the settled and @veraged value 0
a long string of contiguous logic zero bits. A long string for 8B10B encoding should be considered
to be 5 bits high or 5 bits low

=3

—

optical rise time: the time interval required for the rising edge of‘an optical pulse to trans
between specified percentages of the signal amplitude. For lasers the transitions are measure
between the 20 % and 80 % points

o

physical media dependent (PMD): a transmit and receive network used to launch into a specifi¢
type of electrical or optical interconnect or to receive fronna’specific type of electrical or opticg
interconnect. The details of the network design depend on‘the type of interconnect

Port (or FC Port): a generic reference to a Fibre Channel Port. In this document, the component
that together form or contain the following: the FC\protocol function with elasticity buffers to re-tim
data to a local clock, the SERDES function, thé transmit and receive network and the ability t
detect and report errors using the FC protocol

o0

Port bypass circuit (PBC): an active multiplexer that is used to bypass FC ports or other port
that are unused or nonfunctional. PBC’s that do not re-time the signals to a local clock ar
considered part of the interconnect

o0

probability density function«(PDF): a histogram of the jitter event population

random: random in this document always refers to Gaussian distribution. These distributions ma
apply to time jitter or signal level noise

receiver (Rx): an.electronic component (Rx) that converts an analog serial input signal (optical o
electrical) to an electrical (retimed or non-retimed) logic output signal

=

receive network: a receive network consists of all the elements between the interconnegt
connectar-inclusive of the connector and the deserializer or repeater chip input. This network ma
be asésimple as a termination resistor and coupling capacitor or this network may be comple
including components like photodiodes and transimpedance amplifiers

=24

reclocker: a type of repeater specifically designed to modify data edge timing such that the dat
edges have a defined timing relation with respect to a bit clock recovered from the (FC) data at it
input

12}

repeater: an active circuit designed to modify the (FC) signals that pass through it by changing

3.5.82

any or all of the Tollowing parameters of that signal: amplitude, slew rate and edge to edge timing.
Repeaters have jitter transfer characteristics. Types of repeaters include retimers, reclockers and
amplifiers

retimer (RT): a type of repeater specifically designed to modify data edge timing such that the
output data edges have a defined timing relation with respect to a bit clock derived from a timing
reference other than the (FC) data at its input. A retimer shall be capable of inserting and removing


https://standardsiso.com/api/?name=919b236fbe3de22e0f029fc4b1085e92

3.5.83

3.5.84

3.5.85
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words from the (FC) data passing through it. In the context of jitter methodology, a retimer resets
the accumulation of jitter such that the output of a retimer has the jitter budget of alpha T

return loss: the ratio (expressed in dB) of incident power to reflected power, when a component
or assembly is introduced into a link or system. May refer to optical power or to electrical power in
a specified frequency range

run length: number of consecutive identical bits in the transmitted signal e.g., the pattern
0011111010 has a run lengths of five (5), one (1) and indeterminate run lengths at either end

running disparity: A binary parameter indicating the cumulative disparity (positive or negative) of
all transmission characters since the most recent of (a) power on, (b) exiting diagnostic mode, or

3.5.86
3.5.87

3.5.88

3.5.89

3.5.90

3.5.91
3.5.92

3.5.93

3.5.94

3.5.95

(o) startofframe
signal: the entire voltage or optical power waveforms within a data pattern during transmission

signal level: the instantaneous intensity of the signal measured in the units appropriate'for th
type of transmission used at the point of the measurement. The most common signal level unit fo
electrical transmissions is voltage while for optical signals the signal level or intensity is usuall
given in units of power: dBm and microwatts

1%

=

signal amplitude: a property of the overall signal that describes the peak or \peak-to-peak value
of the signal level . When signal transitions interfere with or overlap each other in a signal th
effective signal amplitude may be expressed as a vertical waveforniseye opening (e. g. optica
modulation amplitude)

— o~

signal tolerance: the ability of the link downstream from the receivé interoperability point (y,, B, 0
d,) to recover transmitted bits in an incoming data stream dn.the presence of a specified signal.

Signal tolerance is measured by the amount of jitter required to produce a specified bit error rati
at a specified signal amplitude. The required signal talerance performance depends on th
frequency content of the jitter and on the amplitude of the signal. Since detection of bit errors i
required to determine the signal tolerance, receivers'embedded in an FC Port require that the Poff
be capable of reporting bit errors. For receivers.that are not embedded in an FC Port the bit errg
detection and reporting may be accomplished by instrumentation attached to the output of th
receiver. Signal tolerance is always measudred using the minimum allowed signal amplitude an
maximum allowed jitter unless otherwise'specified. See also jitter tolerance

=

— o DO

o=

spectral noise floor: the Fourierdransform of the jitter remaining after BUJ is removed from
residual jitter

transceiver: a transmitter and receiver combined in one package

transmission bit: a symbol of duration one unit interval that represents one of two logical values,
0 or 1. For example, for 8b10b encoding, one tenth of a transmission character

transmission ¢haracter: any encoded character (valid or invalid) transmitted across a physicdl
interface. Valid fransmission characters are specified by the transmission code and include data
and special characters

transmission code: a means of encoding data to enhance its transmission characteristics. The
transmission code specified by FC-FS is byte-oriented, with both valid data bytes and specig|
(cantrol) codes encoded into 10-bit transmission characters

transmit network: a transmit network consists of all the elements between a serializer o
repeater output and the connector inclusive of the connector. This network may be as simple as
pull-down resistor and ac capacitor or this network may include laser drivers and lasers

o=

o
(¢ ||
<]
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3.5.97

l.ld.llblllillCI (T)&) d bilbuil (T)&) l;ldl CUITIVETLS A iUgib biglldi wda biglldi buiLd.IUit: fUI lil >
communications media (optical or electrical)

TxRx connection: the complete signal path between a transmitter in one FC device and a
receiver in another FC device
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3.5.98 unit interval (Ul): the normalized (dimensionless) nominal duration of a single transmission bit.
Unit interval is a measure of time that has been normalized such that 1/Bd s is 1 Ul

3.5.99 waveform mask violation, WMV: a recorded signal event where an incursion occurs into the
jitter eye opening in the signal level/time space defined for a particular CDF level for the signal
population. For some compliant receivers this event could produce a link bit error. Note that a
maximum of one WMV event may be recorded within a single bit period. Multiple incursions into
the eye opening from the same signal within the same bit time shall be counted only once. WMV's
are not failures unless the number exceeds that allowed

3.5.100 word: in Fibre Channel protocol, a string of four contiguous bytes occurring on boundaries that
are zero modulo 4 from a specified reference

4 Background for MJSQ

4.1 Overview

Clause 4 describes the historical background of MJS and MJSQ and some of the reasonsthat the origing
MJS technical report was produced. The concepts and terminology in this clause are mofe fully develope
throughout MJSQ and may not be fully understood without exploring the remainder 0f;MJSQ.

o

4.2 Relationship to SONET and receiver tolerance requirements

The methodologies in this document are extensions of the SONET 5, 6, 7 jitter specification concepts. |
SONET the term ‘network interface jitter’ is used in approximately the saméway as the term fjitter’ is use
in this document. SONET also defines a term ‘frame jitter’ that is not equivalent to the term fjitter’ used in
this document.

| m—

=

The extensions to SONET implicitly specify the assumed receiver-CDR characteristic. The specification fo
the frequency response of the clock recovery circuit is detérmined by defining a jitter tolerance mask fo
the clock and data recovery function. Jitter occurring bélow the characteristic frequency is tracked an
modifies the recovered clock frequency whereas jitterabove the characteristic frequency is not tracked.
This PLL characteristic exists for digital as well as analog (PLL-based) CDR’s. Figure 2 schematicall
shows this tracking or frequency response characteristic. Additionally, at certain frequencies jitter peakin
may occur whereby the output jitter is greater than the input jitter. It should be noted that the jitter peakin
and CDR bandwidth property of some CDR'S is a potential source of jitter degradation when used i
repeaters within the interconnect. This document does not specify a separate requirement for jitter peakin
and CDR bandwidth.

o=

O—ECO

CDR:
Recovered clock

A/does not track jitter

CDR:
Recovered clock tracks jitter

CLOCK RECO¥YERY CIRCUIT
MAGNITUDE RESPONSE (dB)

JITTER FREQUENCY (MHZz)

Figure 2 - PLL response

A spectral characteristic is imposed on the specification to differentiate between jitter that may be benign to
a link’s bit error ratio performance because of the receiver’s ability to track low frequencies and jitter that is
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detrimental to a link’s bit error ratio performance. The jitter tolerance specification in figure 3 creates a jitter
tolerance spectral requirement that is not currently specified in the FC-PH document. The implication of
this specification is that jitter output specifications at all compliance points include frequency content based
on the jitter tolerance mask.

When comparing this jitter specification to SONET jitter specification, the jitter tolerance masks are based
on different test conditions.

ul)
|

= 15 .
2 f. = nominal baud frequency
i Frequencies in parentheses
" are for f; = 4,25 GBd.
23
3 < 0,10
@]
(a4
29 :
2 P fe /25 000 f./166 7
Lo (170 kHz) (2,55 MHz)
o © o
O U o
< g

Sinusoidal Component Frequency (Log Scale)

Figure 3 - Mask of the sinusoidal componentof jitter tolerance - Log-Log Plot

=

For most receivers high-frequency jitter has greater «impact on bit error ratio than low-frequency jitte
because the receiver is capable of tracking the low-frequency jitter. Jitter specifications that include frej
quency content require additional testing; but lowet-systems costs may be achieved with the relaxation gf
the clock stability requirements.

A real example of being able to build lower cost systems by imposing the spectral characteristics to jitte
relates to using lower cost reference clocks for the serializer clock multiplier PLL. Clock synthesizers ar
lower cost than crystal oscillators. Analysis of low-cost clock synthesizers shows an unacceptably large jit
ter content. Further analysis shews that most of the clock jitter is low frequency that passes unattenuateg
out of the optical or electrical transmitter. However, the receiver CDR reliably tracks this low-frequency jitte
and recovers the data.

==

=

4.3 Relationship taearlier FC standards
The ANSI Fibre Channel specification X3.230-1994 (FC-PH) 4 only specifies measurement techniques fg
jitter. Two jitter-generation measurement techniques are specified in X3.230-1994. One measurement i
for deterministie’jitter using a special Fibre Channel K28.5 pattern that contains the longest and shortes
runs. The<other measurement is for random jitter using a special Fibre Channel defined character, K28.7,
that is a “Clock-like” data sequence assumed not to contain deterministic jitter. The deterministic jitter mea
surement results in a peak-to-peak value and the random jitter measurement results in an RMS value. A

stated in Annex J of FC-PH, the peak-to-peak value of random jitter is 14 times the RMS value for a 10t
hit error ratio. Total jitter is equal to peak-to-peak random jitter plus peak-to-peak deterministic jitter.

— I =

o0

The methodology relying on repeated K28.7 characters for measuring RJ and repeated K28.5 for measur-
ing DJ are flawed for the following reasons:
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First, the assumption that all deterministic jitter is absent in the square-wave-like K28.7 is often incorrect.
For instance, deterministic sub-harmonic processes in the transmitter may show up in this measurement.
Ten picoseconds of such DJ could be accounted as 14*10/2=70 pS of RJ.

Second, while the maximum and minimum run length pulses in K28.5 are ideal for measuring data-depen-
dent jitter due to cable skin effect, this method may completely miss some components of DJ. For instance,
the sub-harmonic process described above (or any jitter effect not synchronous with the K28.5 pattern)
would be completely removed by averaging. Also, transmitter mistiming of any of the 5 edges out of 10
missing in K28.5 would go undiscovered.

In_addition to differentiating between trackable and non-trackable jitter, a need exists to clarify the existing

receiver jitter tolerance allocation indicated in Annex J of FC-PH. What is 70 % eye closure? What is.thi
intended to test? Two CDR characteristics are important for reliable serial communication: CDR\00
dynamics and CDR strobe error. These CDR characteristics become increasingly important as répgeater
are used in Disk Arrays and Hubs.

O

Some of the features described in MJSQ are implemented in FC-PI but some significant-€xtensions ar¢
not. MJSQ is being developed in parallel with FC-PI-2 where most extensions are implemented.

4.4 Traditional measurement methodology risks

The workhorse for evaluating signals has been the sampling oscilloscope for many years. For the proper
ties required of high speed serial signals ordinary sampling oscilloscopes may)not be suitable.

Using oscilloscope waveform eye mask methods with histogram measurements in present oscilloscop

technology does not provide the statistical population required to ‘accurately represent behavior at 101
population levels in a reasonable measurement time period. See\figure 4 for examples of this issue. Se
also Annex A. See clause 9 for more information on different measurement methodologies. Measure
ments are made at the appropriate physical point in the lipk:

\1%4 oD

The actual signal quality may be very different at the.low population levels from the appearance at high
populations as seen in a typical waveform eye diagram from an oscilloscope. Figure 4 shows the wave]
form eyes as would result on a sampling oscillescope from two different jitter distributions that have th

same jitter eye opening at the 10712 level. The'distributions are taken at the nominal switching threshol
level of the signals. Notice that EYE “A”_seems to be considerably worse than EYE “B” but is actuall
equivalent in terms of its total jitter.

<
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EYE “A” and EYE “B’have the same
jitter eye opening at TJ = 1012

EYE “B”

Figure 4 - Waveform eye diagrams from different jitter distributions

Traditional measurements are all recorded at the nominal*feceiver switching level. The most common
nominal switching levels are zero differential volts for\balanced electrical links and the average opticdl
power level. Behavior at signal levels other than the:nominal switching threshold is also important. Fo
example if a signal enters the eye mask above or below the nominal switching threshold, errors may occur.

=~

More detail concerning the important signal properties is contained in 6.2.

A signal quality measurement needs a.reference time to quantify the timing properties. See 6.8.

Signal quality acceptance criteriaare specified within the allowed jitter eye opening at the specified tots
population probability (e.g. CDF= 10712).

A major goal of MJSQ (is)to specify signal quality measurement methodologies that approximate mor¢
closely the observed biterror ratio of receivers.

Signal quality measurements that include results at signal levels other than the nominal switching thresh
old may be termed 2-dimensional or eye contour in this document.

5 Jitter overview

5.1 Serial transmissions
Serial data communication complements parallel communication schemes where the clock and data trang

missions are on physically separate paths and the clock path is used as a timing reference for the others in
the receiver. These separate paths behave slightly differently due to physical and bandwidth differences
with resulting timing differences between the clock and data signals. Although one may employ methods to
compensate the propagation time skew between the different parallel signals, ultimately the same clock
signal shall be used for all data signals. This limits the bandwidth of parallel schemes that use a single
clock.
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In serial data communication, a separate data clock is not transmitted with the data. Rather the transmit
clock is embedded along with the data so the problem of maintaining the temporal alignment between the
clock signals and the data signals is eliminated. However, other problems are created in that signal transi-
tions need to be available at intervals that are not too long so that a clock signal may be reconstructed from
the single serial stream and the relationship of the reconstructed clock to the bits in the serial stream are
maintained within strict limits. Even in the case of serial transmissions there is a basic requirement to main-
tain adequate alignment between the recovered clock (or whatever timing reference is used by the receiver
to latch the bits) and the incoming data. A requirement in high speed serial communication is management
of jitter involved with the data transmission and detection so that high quality data extraction from the serial
signal is possible.

MJSQ assumes that a recovered clock methodology is used for the receivers.

MJSQ does not address the issues associated with encoding schemes where the phase and signal-leve
contain information, for example phase modulation or multi-level encoding. Simple NRZ schemes ar
assumed.

1%

5.2 Jitter output context

The term “jitter” refers to the deviation of the timing properties of a signal with respect’to a specified refe
ence time. Historically, the jitter is measured at the nominal switching threshold.of the signal. The sub
clauses in this clause provide a detailed description of the context and genéral requirements to specify
generalized jitter effectively.

When the term “jitter” is used in this document it refers to the time behavior of the signal at a specific signa
level. If the signal level is not specified, either the context of the usage defines the meaning or the signg
level is the nominal switching threshold for the receivers expected:in the link.

Jitter is characterized by two generalized types of jitter, deterministic (DJ) and random jitter (RJ). The tw
categories of jitter are used in jitter analysis because eachicategory accumulates differently in the link an
because compliance and budgeting schemes require same restrictions on the jitter distributions.

OO

Deterministic jitter is jitter that is due to non-Gaussian jitter event distributions. Deterministic jitter is alway
bounded in amplitude and has specific causes\ Three kinds of deterministic jitter are identified: duty cycl
distortion, data dependent and uncorrelated<{to the data) bounded. Examples of deterministic jitter that i
uncorrelated to data are power supply noise injection into the serial link and cross talk from other parts o
the system. Deterministic jitter is méasured as a peak-to-peak value for any distribution. Both th
peak-to-peak value and the distribution contribute to the overall system performance.

O—="0r—— 0

Random jitter is all jitter that is Gaussian in nature. The overall observed random jitter may consist of a co
lection of random jitter sources. Because root-sum-of-squares (rss) addition is used in this document inde
pendence of the constituent jitter sources is required. Dependence could occur in some cases. Fo
example, if truly random’data was transmitted through an AC coupling network, the jitter pdf will be essen
tially Gaussian. If.that data travelled through multiple stages of such networks, the jitter mechanisms woul
be correlated and-Gaussian accumulation would be more linearly additive than rss additive. Since 8b10
encoding imposes a structure on all data we don't have truly random data for 8B10B. The surviving randon
jitter after eneoding is therefore jitter that is uncorrelated to the data. Random jitter after 8b10b encoding i
composed only of independent sources and we are therefore allowed to use rss addition for random jittef.
This-also validates the use of convolution where independence is required.

=

=

Because random jitter is practically measured as an RMS value (the same as the standard deviation for @

peak-to-peak value. The RMS value for random jitter is multiplied by approximately 14 to result in a

peak-to-peak random jitter value that corresponds to a 10712 bit error ratio; refer to the jitter mathematics in
6.5. A 10 ps RMS random jitter measurement represents a 140 ps peak-to-peak value, or almost 15 % of
the bit period, for Fibre Channel at 1063 MBd.
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5.3 Jitter tolerance context

CDR circuits, whether analog PLL-based (Phase-Locked Loops) or digital-based, react differently depend-
ing on the rate of change or frequency of the timing misplacement. If the rate of change is gradual and
“trackable” by the CDR, no bit errors occur. If jitter is instantaneous (within one bit time) and of sufficient
amplitude (such as 50 % of a bit time), the CDR cannot track the timing shift and the recovered bit may be
in error.

The ability to recover data successfully in the presence of jitter is called jitter tolerance. Jitter tolerance is
measured as the jitter amplitude over a jitter spectrum where the link achieves a specified bit error ratio. A
jitter tolerance measurement is performed as a bit error ratio measurement under the presence of a con-
trolled amaount nfjittpr

Since BER performance also depends on the signal amplitude (many receivers tolerate more jitter~if-th
signal is larger), a complete signal tolerance that includes both amplitude and jitter is required to determin
compliance. If the amplitude is not separately specified in a tolerance measurement, it is assumed that th
jitter tolerance is measured with the smallest allowed signal amplitude.

O—0— D

5.4 Jitter assumptions summary
The basic assumptions used in this document are summarized below:

The acquisition of the raw data is based on the assumptions listed immediately below:
a) Simple NRZ schemes are used.

b) Jitter is composed of a collection of jitter events that occur at.most once per bit period.
c) Clock recovery schemes are used in the link receivers.

In order to separate DJ from TJ and to do signal budgeting-based on that separation the following assump
tions apply:

a) RJis uncorrelated to anything else.

b) DJ does not have a Gaussian probability density function when measured with the repeating datq
patterns prescribed in this document.

¢) 8B10B encoding is used and has:a“DJ ceiling around BER~1E-4 for the data and around 1E-§
when BUJ (e.g.,crosstalk is included) - other encoding schemes that have similar DJ ceilings ar¢
also applicable.

d) These methods may use. €xtrapolation, requiring the assumption that CDF/BER floors are les$
than 10E-12.

e) Spectral noise floors have a Gaussian PDF.

f) Jitter budgeting (separation of DJ and TJ and assigning values to each) is done by a single curve
fitting method regardless of the method used to acquire the raw data.

g) Coding other.than 8b10b may violate the assumptions above and not produce accurate budgeting
results with'the methods described.

The methods described for acquisition of TJ and the jitter population distribution (PDF or CDF) are applica
ble down ta the noise floor regardless of the encoding scheme used.

5.5<-FC-0 and MJS(-1) interface overview
The physical architecture within a transmitter interface and a receiver interface is assumed to be repre
sentable by the forms shown in figure 5 and figure 6. For simplicity, the entire interface structure is termed

fransmitter or recelver in this document and the transmitier and receiver shown In figure 5 and figure 6 are
subsumed.

NOTE Figure 5 corresponds to Figure 9 in FC-PH.
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Figure 5 - FC-0 transmitter interface
RECEIVER CLOCK SERIAL-PARALLEL
RECOVERY CONVERTER
o DO
N
‘ DATA =
€DR =
| 3
CLOCK D DN
a
| Clock/n+1
Receiver Receiver Clock Recovery Parallel Data
Input Output Output Output
Figure 6 - FC-0 receiver interface
The referencectimes used to quantify the jitter and signal quality vary with specific method and physic3|
location.
5.6 Fibre channel physical architecture
A brief description of the FC physical architecture is contained in this subclause. See FC-PI for a mor¢
complete description.

AFibre Channel fabric Tink consists of the functional blocks shown in figure 7. The TxRX connection In an
FCAL architecture is the same as for fabrics for MJSQ purposes. From a timing and jitter perspective, the
following characteristics shall be noted. Fibre Channel uses plesiochronous timing where the port may
transmit data at a slightly different frequency from its receive data frequency. Elastic storage exists within
the protocol function to absorb the frequency differences as well as the maximum wander present in the
link. The serializer function is responsible for suppressing jitter components present in the port from propa-
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gating onto the link. The deserializer recovers a bit clock from the serial data that reliably allows the dese-
rializer to provide parallel data and a recovered byte clock to the protocol function.

A Fibre Channel fabric link is a duplex serial data connection between two ports including the serializer,
deserializer, PMD, connectors and cable assemblies. A link is necessary for communication between two
ports. A link includes a minimum of a pair of transmitter-receiver connections. A TxRx connection is a sim-
plex link consisting of one transmitter-receiver pair. A link and a TxRx connection are shown in figure 7.

e el N 1
I |
I pﬁfj, Serializer DeSerializer '
L) ]
| e — ]| S| § sy - |
I | . | [rret I
I |Deserlallzer Serializer ([ clock ||
I (A e R R R R — _ I
/e 4

Figure 7 - Fibre channel fabric link

A port by definition contains protocol intelligence, elasticity mechanisms to,absorb wander and locall
timed serial data transmission. Other components in a TXRx connection may be used that attenuate jitter
or re-amplify the signal to improve the signal quality. In actual system implementations, these may includé¢
active buffers, port bypass circuits, or reclockers. An example of a gemplex system implementation for
storage application using Fibre Channel Arbitrated Loop is given in figure 8. In this system, a link between
the host adapter Port and the disk drive in Port 2 is rather complex: This link would include a HA Tx to HDID
Rx connection through a hub with repeaters, an enclosure with tepeaters and a backpanel with one PBC
and a HDD Tx to HA Rx connection through multiple HDD~Ports acting as retimer circuits, several poit
bypass circuits, an enclosure repeater and a hub repeatet,



https://standardsiso.com/api/?name=919b236fbe3de22e0f029fc4b1085e92

TR 14165-117 © ISO/IEC:2007(E) -35-

AC = Active Circuit

TX|  Host
B niie
Hub

Port 4 [
HDD ]

Port 5 555

HDD

Figure 8 - Example fibre channel link.storage system implementation

As shown in figure 8, a Fibre Channel Arbitrated:lcoop is not necessarily a point to point link with only bulk
head compliance points. It shall be clearly understood where TxRx connection interfaces exist within a sys
tem, so that jitter allocation compliance mayche enforced at those points.

Figure 9 shows two examples illustrating’ the interoperability / compliance points with and without the us
of internal connectors for media_ ipterchange and with and without the use of retimers. Interoperabilit
points are defined at the internal-device (), the internal PMD connector (8) and the external enclosure (0
equivalently, system bulkhead) connector (y). A reference point (o) is defined at the serialize/deserialize
chip containing the re-timing\function. A device such as a host adapter or disk drive intended for embed
ding into a larger system may have a connector that is not the actual system bulkhead connection. An
enclosure is something.that houses a Fibre Channel port that passes emissions and safety certification.

= S =~ D

—

All measurements-shall be made through mated connectors, as appropriate (B, 8, y). For signal outpy
measurements-the mated connectors are always upstream of the signal measurement point. For signal to
erance measurements the signals to be applied to the DUT are calibrated with the connector upstream @
the calibrating instrument but the actual tolerance measurement is made with the calibrated signal applie
to the.cennector on the DUT that is downstream of the connector separation point.

o=

Assystem bulkhead connector (y) is equivalent to the current S and R points in the FC-PH specification.

The fnrminnlngy, TDy’ used in IEEE 802 .3 for y and o for nlnplir‘:\finne with no internal connectors, 1S also

shown in the upper left portion of figure 9.

The B point is defined to be the internal connector closest to the retimer element as shown in the upper
right and lower right examples. If a § point is connected to a & point a retimer is required between the 3 and
the & points in order to isolate the internal TxRx connections from the external TxRx connections. The
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retimer resets an internal compliance point such that all the jitter elements used internal to the storage
array may use all the jitter budget allowed from B to B (not shown).

(TP1)
o= Component Transmitter Pin Component Receiver Pin = O

Internal Device Receiver Connector = PR
\ (TP2) YT = Bulkhead Transmitter Connector Bulkhead Receiver Connector =Yg

(measured through an optical cable
SYSTEM \\ \\ bssembly 2 to 5 meters for optical) STORAGE

SYSTEM

HOST ARAPTER
ISK DRIVE

7

SERDES { SERDES

hY

i

(TPn) is IEEE 802.3 terminology
for these points (with no internal

connectors)
(TP3) Yr = Bulkhead Receiver Connector Bulkhead Transmitter Conriecter = Yt
Internal Device Transmifter.Connector = Bt
OR= Component Receiver Pin Compopnent Transmitter Pin = Ol
(TP4) Without use of Internal § Connectors

. Component Receiver Pin = O
Ipternal Device Receiver Connector = PR

&1 = Internal PMD Connector Nichead R!ntemal PCMD Connector = 0
. t =
\ YT = Bulkhead Transmitter Connectof tlkhead Receiver Connector = YR
\

O = Component Transmitter Pin

SYSTEM \ \ Two TxRx connections / STORAGE
are shown in each direction STEM
HOST ADAPTE DI DRIVE
= Retimer
7
SERDES“_ PMD PMD\ SERDES

/. / /‘ J Backpanel
Jitter Source coupling networks ‘:l

Examples are:  and PCBs
CONNECTORS ]

PMD’s D:D
YR= Bulkhead Receiver Connector ~ Bulkhead Transmitter Connector = Yt

_ Internal PMD Connector = Ot
8g = (ntgrhal PMD Connector Internal Device Transmitter Connector = Bt

Component Transmitter Pin = Ol

OR= Component Receiver Pin

With use of internal & connectors and retimers

(o is a reference point, not an interoperability point)

Figure 9 - Interoperability points examples at connectors
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6 Jitter fundamentals

6.1 Purpose of addressing all important signal levels

In order to have the measurement of signal properties relate in a definitive way to the performance of
receivers one recognizes that receivers may react to signals at other than the nominal switching threshold
and may react differently to different jitter distributions or other signal properties. As a consequence, the jit-
ter distribution at other than the nominal switching threshold level may be critical. The method for specify-
ing acceptable performance limits at these other signal levels is an eye mask similar to that used for
oscilloscopes as described in 6.6 along with bathtub curves described in 6.4.

6-2—Essentiatproperties of sigmats

6.2.1 Introduction
Fundamentally, a signal is a specific relationship between signal level and time.

1172

The level of a signal, or signal level, is its instantaneous intensity measured in the units appropriate for th
type of transmission used at the point of the measurement. The most common signal lev€lunit for electr
cal transmissions is voltage while for optical signals the signal level or intensity is usually given in units 9
power: decibel meters and microwatts (optical modulation amplitude).

—

Electrical signals are assumed to be baseband (i.e., not the result of modulation).

Since the information of interest in optical serial communications is transmittéd as an amplitude modulatio
of a single carrier wavelength, the signal level of interest is the average optical power around an instant i
time at the carrier wavelength. This average is taken in the optical receiver where the optical signal is con
verted into an electrical signal. The details of the averaging precess are not important to this documen
since the data rates of interest are orders of magnitude whichzare lower than the optical carrier frequenc
for all practical Fibre Channel applications.

T = =

—

Even though the baseband electrical signal and the envelope of the modulated optical carrier may appealr
similar for similar data content, the physical mechanisms of transmission are very different. Neverthelessg,
from a signal quality point of view there is a great deal of commonality and in many cases in this documen
there is no distinction drawn between electricatand optical signals.

—

A number of properties of signals may affect the response of receivers. Since real signals may have ver
complex shapes and different receiverssmay react differently to the same signal it is important to define th
most important signal properties_that are known to affect receivers. Among the properties that could b
important are: distribution of signal level, distribution of jitter population, whether rising edge or fallin
edge, slew rate, rise/fall timg, ‘spectral content, common mode content and imbalance. The methodologie
described in MJSQ consjderthe signal level, the timing distribution (at different signal levels) and the risin
or falling edge (for some-methodologies) in full recognition that other properties may be important. Th
effort required to address the signal level, timing distribution and signal edge is significant. These prope
ties are describedin-the remainder of 6.2.

00— <<

6.2.2 Signalramplitude versus signal level

Signal amplitude is a property of the overall signal that describes the peak or peak-to-peak values of th
the signal level. When signal transitions interfere with or overlap each other in a signal the effective signa
amplitude may be expressed as a vertical waveform eye opening.

D

6.2.3 Time, timing reference and jitter timing reference

Time measurements require a reference time in order to be reproducible. In other words, all time measure-
ments are the difference between a reference time and the time where the measured event is recorded.
For MJSQ the time reference used for calculating jitter is called the jitter timing reference. This reference
may be different from other timing references available in the system.
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In order to comply with the methodologies in MJSQ the jitter timing reference shall be derived only
from the data stream. See 6.10. No other jitter timing reference shall be used including: reference
bit clocks supplied externally by the transmitting device (e.g. BERT's) and internal clocks used to
create the transmit signal.

The present state of the art requires that the same jitter timing reference be used for all parts of the signal.
It is beyond the scope of this document to create a relationship between different jitter timing references at
different signal levels. This statement is similar to stating for oscilloscope based measurements that the
trigger level shall remain constant for all measurements. Some choices for jitter timing reference are dis-
cussed in 6.8.

The jitter timing reference choice is perhaps the single most important part of selecting a practical meg
surement method for signal quality.

6.2.4 Considerations when using hardware based jitter timing references
Since jitter timing references are the references in much the same way that a ground is the reference for a4
single ended electrical signal any noise in the reference directly affects the accuracy of thé/basic measure
ment. In general, if the jitter timing reference has jitter, X;, then the jitter that is measured is X, minus X,
where X, is the actual time of the measured signal. MJSQ does not deal with jitter in, the jitter timing refer
ence other than that required for Golden PLLs. It is up to the suppliers of the instfumentation to deliver very
low noise jitter timing references.

6.2.5 Jitter and noise relationship
Consider a portion of a signal as shown in figure 10. When the nomina}-signal is disturbed by noise or jitte
the position of the signal changes. Figure 10 shows two disturbed,sighals that were derived from the nom
inal signal. Noise properties and jitter properties may both be measured in the immediate neighborhood o
a point in signal level - time space. Noise may cause jitter and{jitter may cause noise. However, the caus
of the disturbance to the nominal signal does not intrinsically-alter the measured noise or measured jitter.

Time for signal level noise measurements
/ Signal level noise at the specified time

=

D= 1

| [ |

| | |

ey |

-« Signal level for
_ jitter measurements
o
>
Q@
T Time
c
2
9p)
Nominal signal disturbed
by noise and/or jitter

Jitter at the specified signal level Nominal signal

Figure 10 - Noise and jitter in the same portion of the signal
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Most of the content of MJSQ assumes the constant signal level (constant measurement threshold), jitter
condition. For many purposes a constant sample time (within the eye), signal level noise condition could
also be a valid representation of the disturbed signal. Noise, like jitter, is also comprised of deterministic
and random components that may degrade the signal quality and lead to data errors. Effective signal
amplitude reduction (or vertical waveform eye closure) is a predominant limitation in many links.

For measurements near the nominal receiver switching threshold the jitter method is traditional. For mea-
surements near the center of the bit time the signal noise method is traditional. In fact, either method
allows a complete mapping of the signal level - time space.

If one knows the shape of the signal in the vicinity of the measurement then a jitter measurement may be

converted to a signal level noise measurement and vice versa. In fact, the jitter optimized oscilloscope data
acquisition method described later in this document is partially based on that conversion.

If a conversion is required between noise and jitter, limitations may exist to the validity range for, this con
version. The nonlinearity of the signal, the bit time of the data pattern and the amplitude of the Signal ma
all impose limits on this conversion. For example, in the case of a Gaussian noise (that jstunbounded) th
conversion to unbounded jitter cannot be based on the properties of a signal transitien-since that signg
transition is bounded by the amplitude of the signal. Jitter derived via conversion from<noise in this way i
limited to a single rise time that is clearly bounded. There are other limitations withyconversions. In genera
conversion limitations may lead to a large understatement of the Gaussian jittér. This document assume
that any conversions done remain valid over the 1E-12 range within a singl€ bit time.

oD

o7

Another important issue is the validity of extrapolations that are used/ fjhe conditions required for a valid
extrapolation depend on the specific conversions used and on the pgintin signal level - time space of inted]
est. For example, in figure 10 the changing slope of the signal causes distortions in the noise induced jitte
distribution - a Gaussian noise source may not produce a Gaussian jitter distribution. In general, on
should attempt to validate that the conditions of the measureément support the assumptions required for th
extrapolation.

P—P—=

This topic is expected to be further explored in MJSQ-2.

6.2.6 Rising edges and falling edges
One consideration for acquiring signal quality»data is whether the reference time and/or event being mea|
sured are associated with a rising or falling signal “edge”. Whenever the signal level changes state fron
high to low or low to high a signal edgé-or transition is produced. Usually, the signal in the transition perio
between the states has a monotonically changing signal level. However, conditions may exist in accept
able links where slope reversals gecur during this transition.

o=

The signal quality measurement results may depend on the choice of whether the timing reference i
derived from rising edges, falling edges or a combination thereof. Complete signal quality specificatio
methodology requires‘examination of all combinations of rising and falling edges for both the jitter timin
reference and the-sighal under consideration.

O—=—0

It may be usefutfor diagnostic purposes to separate results from specific combinations of rising and falling
edges.

—

In order'to avoid effect of DCD in the jitter timing reference only the rising edge or the falling edge (but no
both)'may be used from the jitter timing reference signal.

a2 N ba £ n hit ario P

J.J INUTITOCT UT CVUTItO PUI MU PUIIUU
A major goal of MJSQ is to specify methodology that enables direct comparison of signal events with bit
errors experienced by a link receiver. One key requirement toward realizing this goal is that no more than
one event be reported from the signal in any single bit time since receivers cannot generate more than one
bit error per bit time. As a corollary, the total number of signal events reported shall not exceed the total
number of bits transmitted in any given time period.
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The signal is assumed to be continuous in time and if instrumentation were fast enough, theoretically mul-
tiple events per bit-period could be captured for some signals. For example, detection of multiple events
per bit-period is possible for measurements of slow edges when using over-sampled real time digitizing
oscilloscope technology. In data acquisition schemes that allow multiple signal events per bit period some
scheme to filter the reported WMV events to no more than one per bit-period shall be used.

This single event per bit-period constraint is useful when dealing with signals that have slope reversals
because it guarantees that no double counting is possible for the same bit time.

The number of times the signal crosses the signal level of interest per bit-period is affected by the pulse
time _compared to_the bit-period, the level of the signal being examined, whether slope reversals_are

present, whether distinction is made between rising and falling edges and the positioning of the timingref
erence with respect to the signal edges. Slope reversals are common in links operating at less than 1.Gbit
s electrical applications due to reflections and crosstalk. Optical transmitters are also capable of producing
slope reversals through relaxation oscillations for example.

—

The number of events could be seriously misreported if one had the possibility of multipleyevents per b
time. There are several possibilities for the number of events occurring at different signal-levels as show
in the signal level versus time, an example is shown in figure 11. Since the ultimate goal of signal qualit
specifications is to relate the signal quality to the receiver performance and the-receiver reports at mos
one bit error per bit received, it would be possible for the signal to be measured as producing six signg
events where only one detected bit is possible in this time period.

=)

—t

Figure 11 only shows multiple counting due to slope reversals occuring‘in conjunction with a signal transi
tion. Noise and transmitter signal distortions allow multiple counting-to be theoretically possible anywher¢
in the bit time including during signal transitions, in the center region of the bit time and when the signa
state is not changing due to the data pattern (several 1's or 0’s,in-a row).

17

BIT TIME FOR THIS EXAMPLE SIGNAL
(LOW STATE IS SHORT DUE-TO' DUTY CYCLE DISTORTION -
MORE SIGNAL STRUCTURE FITS WITHIN THE BIT TIME)

- Lt

— —

\ NOMINAL RECEIVER
THRESHOLD LEVEL

UP TO SIX EVENTS PER BIT TIME AT
THE RECEIVER THRESHOLD LEVEL

Figure 11 - Example of multiple events within the same bit time

At most a single event per rising of falling edge shall be reported.
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Signal quality measurements are significantly coupled to receiver detected errors by the same counting
statistics maintaining at any signal level measured.

6.4 Statistical distribution at a specific signal level
A requirement that signal quality data be acquired at specified signal levels pervades this document. The
more signal levels are examined the more complete the signal quality measurement.

The population of times observed (events) when the signal crosses a specified level of interest may be
compiled into a histogram. This histogram constitutes the statistical distribution.

Statistical distribution Inmlnprtipc are r‘rifi(‘nlly impnrtanf ta the way receivers set theijr internal timing refer-

ences (the one used to detect the bits in the receiver). More discussion of this issue is in 6.13.

6.5 Basic relationships within statistical jitter distributions

6.5.1 Overview
Subclause 6.5 describes the mathematical basis for jitter distributions and specification/methodologieq.
Concepts and terminology that lead to the jitter eye mask and signal eye contour arexdeveloped. Insigh
into the relationship between jitter events, PDF’s, CDF’s, RJ, DJ, jitter eye opening, waveform eye opening
and bit error ratio results.

—

The bit error ratio in the signal in this clause is based on the population of Signal events that exist at tim
positions where there should be no signal events in the known data pattefn_and data rate being used. Thi
population of erroneous signal events may be detected, for example, byya BERT strobed at a specific tim
and signal level within the unit interval. The signal bit error ratio is.the) number of erroneous signal event
divided by the total number of bits transmitted over the measurement time period. A BERT with an instru
mentation quality receiver is assumed.

O— 00—

Using a BERT methodology for signal quality measurements is different from using the same BERT t
determine the bit error ratio as detected by the actualreceiver in the link. This distinction is importar
because events reported as bit errors when performing a signal quality measurement may have only

loose relationship to link bit error ratio reported\by-a real link receiver. The closer the real link receive
comes to being a ‘worst case’ receiver the tighter the relationship between signal event errors and lin
errors. Signal event errors are conditions that are capable of producing link bit errors in a compliant (bu
perhaps just barely compliant) link receiver:

= O~ O

—

The mathematics that apply to the statistics of bit errors in signals are derivable from those that apply t
schemes that sample the signal-level and time properties of signals. One integrates the population of sig
nal events from the time of the strobe point to infinity (or to - infinity) to determine the total population @
erroneous signal events.

=4

—

The distinction between/BERT measurements on signals and direct signal level and time measurement
from other instruments may be easy to miss since the distributions have similar shape over the Gaussia
tail regions (the.integral of an exponential function is still an exponential function). The numbers associate
with the probability distributions are significantly different, however.

o=

In figure \¥2, consider a portion of a typical eye diagram display that may be seen near the receiver switch
ing thteshold signal level. This discussion assumes that the source used to trigger the instrument is the
same as that used to create the signal being measured and that the trigger source itself has no jitter. Typi

cally only the rising or falling edge (not both) of the trigger source is used. In this case duty cycle distortio
an the friggpr saurce is not a concern Jlitter in the Qignnl at-the Qignal threshaold level is indicated hy th

=

17

time between the trigger source and the time of the crossings of the threshold signal level as the data tog-
gles between logic states. Histograms of the recorded population of the times of threshold crossings may
be calculated as shown in figure 12.
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The timing reference used for this subclause was chosen for ease of conceptual understanding. Using dif-
ferent timing references leads to different distributions but the treatment of jitter and bit errors has the
same mathematical basis. Actual measurements shall use the jitter timing references specified in 6.2.3.

CROSSING 1 CROSSING 2

SIGNAL LEVEL
7\ /i

HISTOGRAM 1 HISTOGRAM 2
(PDF1) (PDF2)

Figure 12 - Signals crossing a threshold level@at-different times

oY

In the limit of infinite number of events these histograms represent continuous probability density function
(PDFs) of the population of signal events at different times when the signals cross the signal level defined.
The means of the PDFs determine the bit cell boundarieés. To simplify matters, the time scale is given in
terms of unit intervals (Ul) with 0,5 located at the exact center of the bit time as determined by the tw
means.

=4

In figure 13, the BERT receiver is shown measuring the errors in the signal at the center of the eye opening
at the sampling time where the tails of the trafsition histograms are small. A signal error occurs if a trans
tion is on the wrong side of the sample time, st. The error conditions are (1) when a transition from histo
gram 1 occurs to the right of (after) stiand/or (2) when a transition from histogram 2 occurs to the left g
(before) st. Because the tails of a normal (Gaussian) function are infinitely long there is always some pop-
ulation from all transitions in every:measurement (even from transitions well before or after the transition
of primary interest). Fortunately,”it is usually possible to ignore contributions from non-adjacent edge
because the population is.very small. The remainder of this subclause considers only contributions fron
adjacent signal transitions:

=

=500

To calculate the probability of either transition causing a signal event error due to jitter, the area under it
PDF tail on the_ertared side of st is calculated. This calculation assumes that each PDF may be analyze
independently.and that they are the same functions but displaced by exactly one unit interval. This dis
placementdoes not imply that the left and right tails of the same PDF are symmetrical. Under this assump|
tion in figure 12 PDF1 is PDF (t) and PDF 2 is PDF (t-Ul). Practically, if there is significant overlap between
PDFs.fram adjacent edges it may be difficult to determine which edge is responsible for the population.

T = U7
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Sampling time, st

PDF(t) PDF(t-Ul)

TIME

EXPANDED VIEW OF
THIS REGION

THIS AREA IS ERRORS

THIS AREA IS ERRORS
FROM THE PDF(t)

FROM THE PDF(t-Ul

TRANSITIONS TRA([ISLTFL?NS
(RBER) TOTAL ERRORS IS
THE SUM FROM BOTH
TRANSITIONS

Figure 13 - Probability of signal event errors from-adjacent signal transitions

NOTE st is shown at the midpoint of the bit time but may be at ‘any point.

This area under the tail for each PDF is the cumulative distribution function, or CDF and is the bit error con|
tribution from that tail. For PDF (t), the CDF is produced by integrating the right tail of PDF (t) from st to +<q;
for PDF (t-Ul) the CDF is produced by integratingttie left tail of PDF (t-Ul) from - to st. The overall proba
bility of bit errors due to both transitions is the sum of the two CDFs (assuming that the tails from neighborn
ing bits contribute negligibly to the probability of error).

In normal statistics, a CDF is simply theé.integral of its PDF where the final value of the CDF is unity. How
ever, in this document, to calculate‘a-CDF that matches a bit error ratio (BER) concept for the signal, th
probability of a transition-caused‘error is multiplied by the probability of actually having transitions at 50 9
(usually interpreted as the average transition density). This discussion assumes typical data streams hav
a transition at 50 % of the bits (i.e., a transition density, TD, of 50 %).

oD

The following describes the properties of the jitter CDF:
a) each totaljitter PDF has an area of unity;
b) BER-=1CDF = TD * integral of PDF (the jitter CDF includes the transition density factor);
c) thedCPBF reaches a maximum value of TD, not unity.

From.this point on in the document the term CDF refers to the jitter CDF only.

6:5.2 Description of mathematical model

Assume a gnnnrnl Jii'rfnr PDE_JT (f' \AL n)1 centered at 0 where tis time W is the Innnl(-'rn-lnn:ﬂ( value gof

deterministic jitter and o is the rms value of random (Gaussian) jitter. The right tail of the PDF from the left
signal transition, JT (centered at 0) causes bit errors as:
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Equation 1 — Left bit error ratio

LBER (st W,0)= TD - j IT(t, W, 6)dt
st
where st is the sampling instant in time and TD is the transition density. LBER is the CDF for the right tail of

PDF(t). Similarly, the left tail of the PDF from the right signal transition JT (shifted and centered at 1 Ul)
causes bit errors as:

Equation 2 — Right bit error ratio

st
RBER (st,W,5)= TD - jJT(r—Ul,W,o)z‘n

—o0

RBER is the CDF for the left tail of PDF(t-Ul).
The total BER due to jitter from both transitions, TBER, is given by (see figure 13):

Equation 3 — Total bit error ratio

TBER (st, W, 6) = LBER (st, W, 6) ©RBER (st, W, o)

In a BERT scan, BER (CDF) is measured as the sample.time, st, is swept between the two bit time bound
aries. From these BERT scan results, the jitter in the¢signal may be estimated.

O

This is also done (simulated) below with the model by generating the CDFs. Again, summing the tw
CDF’s yield the total probability of error from hoth transitions. This expression indicates the BER as a fung
tion of st and PDF width. This is commonly:kAown as a BER bathtub curve.

6.5.3 Relationship between jitterrand BER for random jitter distributions

This subclause demonstrates thelmodel using only random, or Gaussian, jitter (RJ). For RJ, the key
parameter to be specified is the\standard deviation, o, of the PDF. W, the deterministic jitter magnitude, is
in this case. JT (t, W, o) for Gaussian jitter, centered at 0, is:

=4

Equation 4 — Gaussian jitter PDF

1 1 _(2~62)

J2-m O

IT (LW, 6) =

c=3

The CDF (BER distribution) for a Gaussian PDF (jitter distribution) involves error functions. Figure 14
shows plots of the PDFs (dashed) and corresponding CDFEs (solid) plotted on a linear scale. (The PDFE

Y

displayed have been normalized to unity-height to make them plot better - the CDFs were generated from
unity-area PDFs as required for all PDFs). The CDF includes the multiplier for transition density (50 %). In
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this example, the standard deviation of the PDFs is 0,05 Ul rms.

1,0

1
|
l
Ak \ﬁ\> PDF FOR:
| '|——1 DJ=0,;RI, =005

0,5 T .
N E— f Af_\
! .
A VR Ry (g b

i L (N I DJ =0,0; RJ,0=0,05

-0,5 0 0,5 1,0 15
SAMPLE TIME, Ul

Figure 14 - Jitter eye diagram statistics, linear scale

The sum of the CDFs, shown as total BER in figure 15, from the two sides shows the’bathtub shape. Th
bathtub appears to have a wide central region where the probability of error is small. Fibre Channel spec

fies the bit error ratio to be better than 10712, In order to visualize such small alues of probability, a log
scale is used for the BER axis. See figure 15. The eye opening based on/the’BER distribution is approxi

mately 0,3 Ul at 1012, Eye opening is based on CDFs not PDFs.
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Figure 15 - Jitter eye diagram statistics, log scale

For example;~a-visual estimate in figure 15 based on the PDF eye opening at 1012 suggests a smalle

opening than*the opening for the BER based at the same level. This interpretation is incorrect due to th
normalization used for the displaying the (PDF) and because of the integration required to produce bit erro|
ratios\fram PDFs.

= 0=

BER eye opening, CDF eye opening and jitter eye opening are all equivalent terms. The total jitte

—

this document but is not the eye opening of the PDF (the jitter population).

Total jitter measurements made by some common oscilloscopes may differ significantly from the
jitter eye opening based on the CDF as defined in 6.5.1.
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In order to ensure that the behavior across the entire bit time is captured it is required that BERT measure-
ments sweep “st” (see Figure 13 for the definition of “st”) across the entire bit time. See also 6.3.

Summarizing: the concept of an excluded region, or opening, applies only to the CDF or to the bit error
ratio. Instruments that record the timing of signal events (i.e. record elements of the PDF) calculate the
CDF from the PDFs of the signal edges. Some instruments may do this calculation internally, other instru-
ments may not. The calculations, whether internal or external, should be done using the methods required
in this document.

6.5.4 Effects of changing the standard deviation for Gaussian PDF’s
The plntQ in fignrp 16 show the error pmhahilitipc forcvalues of 003 Ul rms 005 Ul rms and 01 Ul rms,.

(v~

The curve for 6 = 0,1 Ul shows there is no margin against the 1012 error ratio specification. The ¢ =-0,0

Ul curve indicates a BER based eye opening of around 58 % at 1012 and ¢ = 0,05 Ul has a BER'base
opening of about 0,3 UI.

o
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2 S —— DJ=0,0:RJ,6=0,1
R
-4 Y 7]
Y 1 DJ = 0,0; RJ,6 =0,05
6 7]
-8 = 7
10 - ————pJ =0,0;RJ, 6 = 0,03
' W i
-12 - 1
W
0,5 0 0,5 1,0 15

SAMPLE TIME, UI

Figure 16 - Jitter eye diagram statistics pure Gaussian different sigmas

6.5.5 Common mistakes relating to statistical properties of measurements.
The following list documents common mistakes‘that may be made.

a) Drawing a narrow histogram hoxsnear the signal threshold on a normal oscilloscope and
multiplying the calculated one standard deviation reported from the population in the histogram
box by 14 and stating the'result as the peak-to-peak total jitter. This generally yields significantly
erroneous results because this standard deviation may include mostly DJ population.

b) Using the peak-to-peak jitter number reported by an oscilloscope histogram as the total jitter. Thi

understates thetotal jitter required by MJSQ (as that existing at the 10712 population level base
on the CDFs);

c) Some scopes:use +/- 3 sigma for peak-to-peak. Therefore, scope peak-to-peak may als
overstaté;for example, if the shape of the DJ pdf has a high moment and if the relative magnitud
of RJ is'very low.

d) Inthe/oscilloscope eye diagram measurement mostly the deterministic components of the signg
are seen due to the low 1 000 to 10 000 population levels used to form the eye diagram
ineffective visibility to Gaussian content.

e)  Not using the Golden PLL for jitter measurements and simulations (see 6.10).

6.5.6 Addition of deterministic jitter

oY

o

=4

\1%2

Totaijitter 15 usuatty comprised—of Dot TandonT and deternmmiTistic Components. COnSiaer TTow tat th
PDF's include deterministic jitter (DJ). The general theory for mapping total jitter PDF’'s with DJ to BER
through the CDF is identical to the theory for RJ alone.

In general, the DJ component has its own PDF and the combined total jitter PDF is a convolution of the DJ
and RJ PDFs. For purposes of simplification in the present discussion, it is assumed that the DJ PDF is
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comprised only of a pair of Dirac delta functions (dual-Dirac). Other PDF'’s are certainly possible. An exam-
ple of such a DJ PDF is pure duty cycle distortion (DCD). When convolved with RJ, two Gaussian functions
result, one for each of the DJ terms. If they are close together (DJ small relative to RJ), the two density

functions overlap.

The magnitude of DJ, W, is given as peak-to-peak. Therefore, each Dirac delta function is offset from the
mean crossing position by the peak value of DJ, W/2. The magnitude of ¢ for RJ, in this case, is 0. The
PDF for deterministic jitter, centered at 0O, is given by:

Equation 5 - DJ PDF

JT(tW, 6) = 5(t’ _\%g 50’%/)

+
2 2

When convolved with random jitter, the PDF, centered at 0, becomes:
Equation 6 — PDF for DJ convolved with RJ
2 2
(-] o+3
2-a B 2.6
1 1

JT(t,W,0) = -=-le +e

2-J2-w ©

Figure 17 shows the total jitter PDF and BER functions for 0,2 Ul DJ peak-to-peak with low values of Ry
(0,005 Ul rms).

0 ———— = ==
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I \l\
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+12 AaE ! DJ =0,2; RJ, 6= 0,005
T N
-0,5 0 0,5 1,0 1,5

SAMPLE TIME, Ul

Figure 17 - Jitter eve diagram statistics, dual-Dirac function

The overall jitter eye opening at 1012 s approximately 0,73 Ul. Figure 18 shows the 10 base exponent of
the total jitter PDF and BER functions again with DJ = 0,2 Ul peak-to-peak, but now with RJ = 0,03 Ul rms.
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Note how the dual-Dirac function / RJ convolution terms now overlap within each total jitter histogram. The

jitter eye opening at 1012 s approximately 0,38 Ul in figure 18.
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Figure 18 - Jitter eye diagram statistics, increased RJ

The eye may be closed by DJ and RJ in different combinations. Figure*19 shows 3 combinations, wit

each showing approximately 0,3 Ul eye opening at 1012,
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Figure 19 - Various combinations of DJ and RJ

\1%

A convenient way.to present histogram results acquired at specific signal level is the bathtub format show
in Figure 20. This-log-linear plot format shows approximately straight lines for normal distributions in th

tail regions. Sometimes extrapolation to low population levels is convenient from this format.
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6.6 Jitter eye mask methodology for signal quality specification
A generalized, simplified form of the CDF is shown in figure 20.

z TRAILING EDGE LEADING EDGE
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Figure 20 - General form for the CDF bathtub cutveat the specified signal level

The CDF bathtub curve is a convenient way to specify.the acceptable limits for the time range where a

except the allowed population of events may occur. InFigure 20 a 10712 fractional population is shown a$
an example where the time range is measured. Singe this time range may be expressed as a simple num
ber it lends itself to use in describing the acceptable limits at other signal levels.

—

Notice that the low population time range occurs near the center of the bit time where the signal is the mos
stable and where the internal strobe in the receiver (if an internal strobe methodology is used) latches th¢
signal as a high or low state.

17

When the time range and time Values at the allowed population (see Figure 20) and at all signal levels ar
combined into a single graphical representation the result is a concise specification of the total signal qual
ity requirements at all signallevels. A direct connection between a small family of limiting bathtub curves gt
different signal levels is shown three dimensionally in figure 21.

\1%4
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SIGNAL LEVEL AT
_-=""=®=%= TOP OF MASK

NOMINAL RECEIVER
SWITCHING
THRESHOLD

SIGNAL LEVEL AT
BOTTOM OF MASK

; JITTER EYE MASK FORMED BY
LINEAR CONNECTION

Two key points concern the relationship of a jitter eye mask'te bathtub curves:

a) the shape and size of the mask is expected to-depend significantly on the CDF level chosen. For
example if 10" were used instead of 10712

b)

Only the limiting behavior at a single CDF level and for a single signal measurement process is specified

109 —

10-12

OF THE 1E-12 POPULATIONS
AT THREE DIFFERENT
SIGNAL LEVELS

/

/ 0
- WSIGNAL

LEVEL
AXIS

Figure 21 - Relationship of a jitter eye mask to a family of limiting bathtub curves

dimensions;

the bathtub curves represent a signal that just meets the eye requirement at the specified CDF
level - actual bathtub curves depend on the sample under test and measurement details and ar
NOT used to define the jitter eye)mask.

by the mask.

The signal should not eXist (as detected by sampling) within the excluded region more often than th
allowed population for any signal level. In other words, bathtub curves from compliant signals at all signg
levels shall not encfoach inside the mask at the specified population level. This is the essence of determin
ing whether a signal is compliant with the jitter eye mask as described in more detail in 6.7.

Jitter eye masks are usually drawn two dimensionally, as shown in Figure 22.

1,0

TIME (FRACTION OF UNIT INTERVAL)

in figure 21 the mask would be larger in all time

\1%

\1%2
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Figure 22 - General form of ajitter eye mask used for signal quality specification

1%

Notice that since there is at most one event per bit-period\per signal level and that there are the sam
number of signal edges at all signal levels, that the signal level that has the CDF with the greatest frag
tional population within the excluded region is the lowést margin level. For some systems, this lowest mar
gin level occurs at or near the nominal switching threshold of the receiver as has been the tradition in the
past. However, the lowest margin point may be the upper or lower mask corners in optical links or in eled
trical links with high amounts of dispersion.

17

The signal specifications in FC-PI-n are ambiguous about the intent of the masks in those standardg.

FC-PI-n specifies the X1 point (at thelnominal receiver switching threshold) to be at the CDF = 1012 popu
lation but is silent on the meaning.efthe points at other than X1. In order to comply with the jitter eye mas

described in this MJSQ document all points on the jitter eye mask are at the CDF = 10712 populatior.
MJSQ does not address thelambiguity in the FC-PI-n standards as that is a matter for those standards.

6.7 Signal measurements versus jitter eye mask signal quality specifications
The general idea.described for jitter eye masks (i.e., the definition of the allowed boundaries of the CDF df
signals at the specified population level over the entire signal level - time space) is also useful for display
ing sighal measurements.

In a signal measurement one does not necessarily expect to see the sharp corners commonly found in jit
ter eyevmask specifications. Real signals rarely have sharp corners. The locus of points in signal level
time~space where the CDF = 1E-12 in the actual signal population determines whether a jitter eye mas
violation has occurred. Such a locus in a signal measurement is called an ‘eye contour’. If the eye contour

ancraacheactntatha ttar ava maacle ot oy naiat than tha oiono Lfoila to ot than cioes o

H o H | malibh oo e
CHCTOTCTIC S IO~ tNC— JItC T o yC oS ot arty — PUITt aicT ric— STy ianS- (O e CT thc— Sty To oty ToOoimTT

ments.

Figure 23 shows a hypothetical example of an eye contour plotted on the same axes as the jitter eye mask.
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Figure 23 - Example of an eye contour with a jitter eye mask

Since the eye contour does not penetrate the excludedqegion defined by the jitter eye mask the signa
passes the requirements defined by the jitter eye mask-at CDF = 1E-12.

6.8 Jitter timing reference at different sigfal levels during data acquisition

The jitter timing reference is the point in time thatvs used as the zero for the measurement of reported tim
ing events. Events may occur at signal levelstother than that used for establishing the jitter timing refen
ence.

Due to different DJ values at different-signal levels, MJSQ requires that only the nominal switching thresh
old level be used to generate the\jitter timing reference for any signal level. The nominal switching thresh
old is the only point where the jitter does not depend on the signal level of the signal. Allowing other signg
levels to be used for the jitter. timing reference would effectively allow different answers from different labo
ratories or different operators. The data pattern and jitter timing reference shall remain constant for data
acquisition at all levels.

—

In order to avoid ‘effect of DCD in the jitter timing reference only the rising edge or the falling edge (but no
both) may be.tised from the jitter timing reference signal.

6.9 Example of a 2-dimensional jitter measurement
A practical example of a simple 2-dimensional time jitter measurement using a TIA at three different sign4|
levels is shown in Figure 24. Measurements were acquired at the signal levels at the top and bottom of the
mask and at the nominal switching threshold. From the raw jitter measurements the CDF was calculated

)|

Ariorto nlatting tha maacirad dictributions in fioura 24 and tha 10°12 oDE loval ic tha adaa of tha plata
PHE—E-pP1otHRgtHe-HeaStHea—aiStHHBHHORSHHHgu e =4—aha+the— Dr—1eYer1StHe-eage-otne-prote

measured distribution (indicated by the RJ arrow with the black head). Some separation of the components
of the populations into the different types (as described in clause 6) was also done with the RJ boundary
and the DJ boundary indicated. The DJ boundary is the mean of the left and right Gaussian distributions.

See 9.2 . The RJ boundary is the time where the CDF = 1012, Since the measured RJ boundary does
not intersect the mask boundaries in Figure 24 this signhal meets the total signal quality requirements.
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A linear connection between the three measured points (high signal level, nominal threshold level and low
signal level) was made on both sides of the signal distributions for ease of graphical presentation. Addi-
tional measurements at other signal levels are required to validate that these linear interpolations are accu-
rate. In many cases the distributions are convex away from the mask between the end points and the
switching threshold and the high and low signal levels represent the worst case. However, if reflections or
synchronous crosstalk are present, the distribution may not be convex and could have its closest approach
to the mask between the nominal threshold and the high/low levels. In this case the use of only the high
and low level and nominal switching threshold level would not reveal the true signal quality.

DJ BOUNDARY

/ MEASURED SIGNAL LEVELS
A-

RJ BOUNDARY

e JITTER EYE MASK

MEASURED POPULATION /

Figure 24 - Practical example using a TIA at three different signal levels

6.10 Jitter timing reference frequency response requirements

6.10.1 Overview
Serial data communicatiofiiembeds the clock signal in its transmitting data bit stream. At the receiver sideg,
this clock needs to be-reeovered through a clock and data recovery device where PLL circuits are com
monly used. It is welkknown that a PLL typically has certain phase modulation frequency response charag
teristics. Therefore,“when a receiver uses the recovered clock to time/retime the received data, the jitte
seen by the receiver will follow certain frequency response functions as well. Figure 25 shows a receive
that incorpofates a typical clock and data recovery system.

==
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—» D Qr—
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Internal receiver jitter exists at input to the
D - flip flop (difference between the
recovered clock and the data in)

Figure 25 - Block diagram for a serial receiver witf clock and data recovery

A PLL typically has a low-pass phase modulation frequency-tracking response function H (f) with roughl
the characteristics shown in figure 26.

T~
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Phase Modulation Frequency (f)
Fegtre26—A-typreat-PHphase-mettationfreguency-trackingresponse

Any good signal measurement methodology should emulate the actual device behavior. The measurement
setup should be such that it measures the jitter in the same way as it would affect the receiver. A receiver
detects bits based on the timing of its recovered clock with respect to the data, therefore this timing is a dif-
ference function from recovered clock to data, as shown in figure 27. The measurement of jitter on the sig-
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nal is executed with a measurement system (see figure 27) that is functionally identical to the receiver (see
figure 25). The data latch function of “D” flip-flop in figure 25 is replaced by the time difference function to
emulate the receiver jitter behavior.

Jitter output

Data in (into the

Pifference=—m

DITToToTT s
L ]

i» . Time i D-flip flop)

" Function :
| )
G(;)Iﬂﬁn Jitter timing
reference
Emulates the Calculates the
CR/PLLina jitter thatwould
serial receiver be presented to

the D<flip flop in
a.serial receiver

Figure 27 - Schematic of a basic measurement system

If the data edge occurs before the jitter timing referenceithe jitter out is negative.

1%

The PLL has a low-pass transfer tracking function Hg(f). The time difference function is given by 1 - H, Th
time difference function has the form of a high-pass transfer function Hy (f) as shown in figure 28. In gen
eral the vector sum H (f) + Hy (f) = 1.

Hy () may actually attain values slightly’ higher than unity (‘peaking’) in the vicinity of the crossover fre

quency because of the time delay (phase shift) through the PLL. Our current delay specifications do alloy
about 0,3 dB of peaking. The delay matching should be from the point the Golden PLL taps the signal t
the inputs of the actual sampler function. Any relative delays anywhere within those paths contribute to th
delay and in the case of seme instruments, there may be delays not due to the Golden PLL at all (such a
internal scope trigger delays).

O— 0O
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Figure 28 - Phase modulation frequency response of the time difference function

The time difference function shown in figure 28 suggests that a receiver (is)able to track more low-fre
quency jitter at frequencies of f < f .y than at higher frequencies of f > f§ser This implies that a receive)

may tolerate more low-frequency jitter than high-frequency jitter. Assuming that the bit clock frequenc
expressed in Hz (numerically equal to the signaling rate expressed-if-baud) is f;, then foomer IS typically s¢

to be f.omer = fc/166 7. This is the case for Fibre Channel (FC),(SAS and others. Gigabit Ethernet (GBE
uses 637 kHz at a signalling rate of 1,25 GBd. Sonet uses feoher = /250 0.

=

—

Most serial data standards specify the slope as 20 dB/decade. If the clock recovery device (or Golden PLL
has the characteristics required by the standard for Hj-(f) response, then the clock-to-data jitter measure

ment emulates the receiver jitter behavior.

The jitter timing reference shall be synthesizedfrom the data stream by passing the time phase informatio
from the data stream through the Golden RLL that incorporates both the high and low-frequency response
according to the spectral mask requifement shown in figure 29. The reported jitter is the differenc
between the output of the Golden PLL and the signal (at the appropriate signal level threshold). The jitte]
timing reference may be implemented in hardware, as shown in figure 27, or by post processing of th
acquired data. The properties of-a hardware implementation are described in 6.10.2.

D00 00r—=

If post processing is used" to include the required Golden PLL frequency response properties in th
reported jitter, the timingreference for the instrument used to acquire the raw data may be derived from th
source clock that generated the signal, from a pattern marker in the data stream, from the same bit in
repeating patternor from a clock synthesized from sampling a long series of bits.

DD

If the corner_frequency is too low or if frequency tracking is not implemented in the signal measurement
the measSured signal will typically appear more degraded, due to more low-frequency jitter (drift) bein
present,in the measured signal, than would be measured with the Golden PLL response or by the res
receiver. Signals calibrated in this way make the receiver tolerance appear better than it should. If the cor
nerfrequency is too high then the measured signal will appear with less jitter than it should.

T——t——

Similarly, if the high-frequency response is not implemented in the signal measurement then the signal
measurement will not show the jitter content seen by the receiver such as when the transition density
changes abruptly as in the CITPAT. The signal will appear better than it should.
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By adding appropriate guardbands, determined by characterization of representative samples tested with
and without the Golden PLL, it may be possible to eliminate the use of the Golden PLL for pass-fail appli-
cations but this is beyond the scope of this document.

Even if the specified Golden PLL is used for measuring the jitter, the measured bit error ratio in a link may
be significantly different from the jitter population that exceeds the specified limit in the signal. This is
caused by receivers having different frequency and amplitude response from that specified for the Golden
PLL used to measure the signal quality. Receiver designers should consider how the signal quality mea-
surement is specified when executing the designs. See 6.13.

Jitter output measurements shall be done with a Golden PLL that meets the passband characteristics

found in figure 29. The plot in figure 29 depicts the asymptotic response. The actual response should\b¢
-3dB (0,707) at f./1 667.

|

| 20 dB/
| decade
|

|

Corner Frequency = f./1 667

Figure 29 - Single pole low-pass filter passband characteristic for a Golden PLL

Contributors to low-frequency jitter include but are mot limited to: source drift, low-frequency sinusoida
noise and other uncorrelated effects occurring below,a lower cutoff frequency. Low-frequency deterministi¢
jitter may also be caused by broadband changes.in transition density coupled with ISI mechanisms.

=

If the jitter out is plotted against bit position:if’a data pattern the format may be presented in a way simila
to that shown in figure 30. In figure 30he jitter measurement system emulates jitter as seen by a serig
data receiver.

Figure 30 shows the measured(jitter at the nominal threshold crossing point in an ISl intensive link, using @
pattern marker method with, averaging around each transition point, with two different receiver response
functions. This method records only the DDJ and the DCD. See 7.2.3. The unfiltered trace is what on
would obtain if, for example, a BERT timing reference (external reference clock) were used. The filtere
trace is obtained by-using a high-pass function with a corner frequency of bit clock (baud) / 1 667 that i
intended to emulate-the frequency response of the receiver. One may implement this function by using th
Golden PLL spegified in 6.10 or apply a high-pass filter function meeting the same criteria to the dat
stream as was) done in Figure 30 using a TIA.

D 00—

Note that'immediately after the change from the low transition density section to the high transition densit
thatsthe  highest negative peak is found when using the filter. The highest positive peak is found immed
ately after the change from the high transition density section to the idles section using the filter. The fil
tered peak-to-peak value is 30 % to 40 % higher than the unfiltered value. Up to twice the differenc

\1%

petween the Tiitered ana untitered measurements nave peen reported 1or otner similar measurements.
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Figure 30 - Example of DJ effects caused by rapid transition density changes in CJTPAT
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6.10.2 Performance specification for a hardware implementation of a Golden PLL
Table 1, table 2 and table 3 define the properties needed for a hardware implementation of a Golden PLL.

Table 1 - Input characteristics for a Golden PLL

Parameter Units 1,062 5 2,125 GBd 4,25 GBd
GBd

Data rate, NOTE 1 MBd 1062,5 2125 4 250

Data rate tolerance ppm +/- 100 +/- 100 +/- 100

Data encoding 8b10b 8b10b 8b10b

Differential input signal amplitude

Maximum mV peak-to-peak 2500 2500 2500

Minimum mV peak-to-peak 50 50 50

Return Loss between lower and upper frequency limits

Minimum dB 20 20 20
Lower frequency limit MHz 10 10 10
Upper frequency limit MHz 2000 4,000 8 000

Input rise/fall times 20 % to 80 %, NOTE 2

Maximum ns 2 1 0,5

Minimum ns 0,05 0,025 0,012 5

Max input Jitter f > fc/1667, NOTE 3, NOTE 4

Data-Dependent (DDJ) Ul peak-to-peak 0,38 0,38 0,38
Sinusoidal (SJ) Ul peak-to-peak. 0,10 0,10 0,10
Random (RJ) Ul at 1E-12 0,6 0,6 0,6

Total Jitter, all sources Ul at 1E-12 0,70 0,70 0,70

Other requirements

Input impedance Q, nominal 50 50 50

Frequency response kHz 10 20 40
low-frequency corper

NOTE 1 Itis\desirable that the 1 062,5 MBd unit also be able to operate at 1 250 MBd to support
Gigabit Ethernet testing.

NOTE 2/-Measured with square wave at {data rate/10} Hz or equivalent.
NQTE'3 As measured with an ideal Golden PLL.
NOTE 4 DDJ + RJ shall not exceed 0,6 UI.
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Table 2 - Output characteristics for a Golden PLL

Parameter Units 1,062 5 2,125 GBd 4,25 GBd
GBd

Frequency, NOTE 1 exactly the same as the average
input frequency

Amplitude, NOTE 2 mV peak-to-peak, 1000 +/- | 1000 +/- | 1000 +/-
30 % 30 % 30 %

Output waveshape binary or sinusoidal as desired

Output Impedance Q, nominal 50 50 50

Output return loss, sine, NOTE 3

Minimum dB 12 12 12

Lower frequency limit MHz 900 1800 3600

Upper frequency limit MHz 1200 2 400 4 800

NOTE 1 This is the whole purpose of the phase-locked loop.

NOTE 2 AC coupled.

NOTE 3
1 400 MHz.

If the 1 062,5 MBd unit also handles 1 250 MBd,

the upper frequency limit becomes
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Table 3 - Jitter transfer characteristics for a Golden PLL

Parameter Units 1,062 5 2,125 GBd 4,25 GBd
NOTE 1 GBd

Function shape identical to a single-pole low pass
Corner frequency kHz 637,5 1275 2550
NOTE 2 +/-5 % +/-5 % +/-5 %

High-tfrequency response, NO TE 5

fl kHz 637,5 1275 2 550
f2 MHz 20 40 80

f3 MHz 531 1063 2125
Amplitude congruence to | dB +/- 0,1 from DC to f1
single-pole high-pass fil- +/- 0,5 from f1 to f2

ter, NOTE 4

Frequency response dB <-40 from f2 t0 3

Maximum delay from ns 10 5 2,5
input phase step to output

(see figure 31)

Maximum output jitter not attributable to input jitter

Random ps, rms 2 1 1

DJ ps, peak-to-peak 12 6 3

NOTE 1 All specifications are operative with a transition density of 50 %, a typical figure, but this is not
necessarily always the case.

NOTE 2 If the 1 062,5 MBd unit also handles\1.250 MBd, the corner frequency shall remain at 637 kHz.

NOTE 3 If the 1 062,5 MBd unit also hahdfes 1 250 MBd, the amplitude congruence frequencies may
remain the same as for 1 062,5 MBd:

NOTE 4 Congruence is the abselute difference at any frequency.

Figure 31 shows the response from a candidate Golden PLL and a CDR compared to the input signal g
1,062 5 GBd. The data_pattern is ISl intensive and consists of 200 D30.3s and 200 D21.5s. The candidat
Golden PLL has a(delay of approximately 140 ns and therefore does not meet the 10 ns maximum dela
from input phase step to output requirement at 1,062 5 GBd. The CDR shown is 720 kHz at Transitio
Density = 0,5-abd almost meets the delay specifications (15 ns compared to a requirement of 10 ns).

—

17
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Figure 31 - Golden PLL delay ptoperty

Hardware Golden PLLs may be verified by using the configuration, as shown in figure 27, with a jitterles
data source. The time difference function reports the jitter ‘contribution of the Golden PLL. Since jitterles
sources may be impractical, an independent calibration of the jitter in the data source may be done an
accounted for in the time difference function.

o0

=

Care is required to minimize the distortion from tapping the signal under measurement with the Golde
PLL. Tapping is discussed in Annex A andexamples are shown in clause 14. If the Golden PLL function i
executed in software this issue does not-exist.

1°Z)

6.11 Jitter frequency concepts
A concept of jitter frequency is ‘'sometimes useful for specifying the spectral content of the jitter for exam
ple. A jitter event itself is justa humber measured in units of time and has no intrinsic frequency propertieq.
However, when a contingous stream of data is present one may plot the discrete jitter event values (devia
tion from the jitter timingreference) versus bit number or time for a sequence of adjacent bits.

The result appears’much as a sampled waveform would appear on a sampling oscilloscope except that th
time intervals.between jitter events is generally not uniform due to non clock-like data patterns. In order t
convert to frequency using FFT methods some type of interpolation is used to fill in the gaps where there i
no signattransition between bits. This interpolated sampled jitter waveform may be analyzed by the sam¢
methods used on any sampled waveform. The jitter frequency is the frequency associated with some paff
of the FFT. For signals that have only a single tone sinusoidal jitter content, the jitter frequency is that of th
tone.

O— 00O

—

A1

Validity of the jitter frequency concept is similar to the validity of the frequency content derived from any
sampled signal. When there are many samples per period validity is high. As the number of samples per
period decreases the validity reduces. Jitter frequency in this document may be assumed to be much less
than the fundamental operating frequency of the link for low-frequency tracking purposes or may be high
when constructing a jitter frequency spectrum from an FFT.
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6.12 Jitter output measurement methodologies

6.12.1 Time domain
The following methods are described for making jitter output signal quality measurements in the time
domain:

a) Equivalent Time (ET) Oscilloscope — uses a jitter timing reference signal derived from the data
stream via a Golden PLL to trigger an equivalent time sampling oscilloscope. An analog signal eye
diagram and waveform mask (not to be confused with a jitter eye mask that is based on the CDF at

the 1012 level) is created. The DCD component and the high probability DDJ component of DJ
may be extracted. A version that is optimized for jitter measurements is described in clause 10

b) Time Interval Analysis (TIA) — based on accurate measurement of the time interval betwee
signal crossings at a defined signal level of the signal. The jitter timing reference, including.th
required Golden PLL properties, is created within the instrument from the input signal for,som
methods. Others require the Golden PLL. RJ, DJ and BER are calculated within the ‘instrumer
using the methodologies defined in MJSQ from the time intervals measured.

— O D3

¢) BERT scan - based on comparing detected data at a predefined signal thresheld’and strobe tim
with the expected data. The jitter timing reference signal is derived fromythe data stream via
Golden PLL and is used as the strobe time reference. The signal level and strobe time are retaine
constant until an error ratio at the set conditions is determined. The strobe time is scanned acros
the bit time to directly measure the value of the CDF at each strobe (position. For statistical validity,
a target number of errors is required at each strobe position before moving to the next position.
d) Real-Time (RT) Oscilloscope — based on over-sampled Redl-Time oscilloscope measurements.
A real-time eye diagram and waveform mask (not to be confused with a jitter eye mask that i

based on the CDF at the 10712 level) is created. In addition, a method is described for estimating
RJ, DJ and BER using a spectrum approach.

00— ®

o

More detail on these methods is in clause 10.

6.12.2 Frequency domain
Frequency domain measurements are based ot spectrum analyzer measurements with clock-like datq
patterns. They may be useful for diagnostic applications (level 2, see 13.1) but are not suitable for total sig
nal quality specification. See Annex A for more information.

6.13 Effects of varying jitter distributions on BER

As shown in 6.10 the distribution Ofthe jitter population may affect the way the receiver sets its internal tim
ing reference that it uses to sample the signal level for purposes of determining whether a logical one or @
logical zero is detected. It therefore follows that presenting the same receiver with different distributions wifl
have different outcomesand‘that if the distribution is not specified, an intrinsic disconnect between the sig
nal quality measurement and the observed bit error ratio in the link results.

There are only limited standardized requirements on receivers that specify how the receiver shall react t
different jitter distributions. One constraint is that the sinusoidal portion of the deterministic jitter specifie
by the jitter-folerance mask shall be tolerated by compliant receivers.

o0

Similatly, ‘there are only limited requirements on the jitter distributions allowable in the signals. The separa
tion‘ef'the jitter budget into a deterministic portion and the total places some bounds on the distributions for
signals. The distribution within the deterministic portion for signals is presently unconstrained except for
the Delta T point. Optical Gamma T jitter is indirectly constrained by the waveform eye mask methodology

in OFSTP-4A [8], where the mask location is determined by the mean of the histogram of the jitter popula-
tion at the receiver threshold.

Fundamentally, this partially constrained distribution methodology for signal specification results in receiv-
ers needing to be able to handle any deterministic distribution that may exist within the limits allowed by
the budget and causes receivers to be over designed for many applications.
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These effects of distribution have first order impact on the practical methods used for measuring signals.
The measurement method shall create a timing reference from the signal. Unless the method used for
extracting the timing reference is essentially the same as that used by the receiver for setting its internal
timing reference, a difference between the BER of the receiver and the jitter population lying outside the
allowed values is expected.

See Annex A for a more detailed discussion on this topic.

6.14 Methodology for jitter and signal quality specification for “processed” signals
6.14.1 Background

It has been recognized for many years that it is possible to compensate for predictable signal degradatio
caused by the transmission process.

=

The most popular of these compensations attempt to flatten the frequency response of the interConnect by
boosting signals at frequencies where the interconnect attenuates (active filter) and/or by attenuating frej
quencies where the interconnect has low loss such that the low-frequency loss becomes¢he same as th
high-frequency loss (passive filter). When the attempt is to compensate for non-constant frequency
response of the cable plant, the general methodology is called “equalization”.

\1%

Other types of compensation may remove skew in differential electrical signaling.‘Certain filtering in optica
receivers may be used to compensate for known high-frequency noise (e.g-, relaxation oscillations) fron
certain types of optical sources. Yet others may apply some optimization. scheme within the receivin
device that adjusts to the properties of the incoming signal. All of these compensation / optimizatio
schemes are termed “signal processing” in this document.

= 50— =T=

In all cases except the cable plant, the methodology for measuring the signals takes into account that paft
of the processing that is expected to be in place. Failure to take the processing into account may make sig
nal quality specification effectively impossible in one extreme and make it significantly misleading i
another view.

=

The general approach to dealing with signal spegifications in the presence of transmitter or receiver pro
cessing is to emulate the expected processing to the signal before measuring the signal’s properties. To d
this intrinsically requires knowledge of the processing that is expected.

=4

6.14.2 Link components that contain compensation properties (equalization)

6.14.2.1 Compensation

Compensation is the attempt to mitigate the deleterious effects occurring during signal transmission b
adding or subtracting features from the signal. Compensation may be executed in the transmitter, in th
interconnect and in thé receiver. Compensation may be applied to properties of the signal that depend o
the specific data pattern and to properties that are predictable upon subsequent use such as line-to-lin
propagation time‘skéw and DCD. The basic assumption for compensation is that the degradation intensit
and type remadins ‘stable over periods of at least several bit times.

<=

Compensation schemes that may adjust the parameters of the compensating mechanism are terme
“adjustable”. Compensation schemes that use active circuitry are termed “active”. Compensation scheme
that'pass the signal through a transfer function are termed “filtered” or “equalized”, the latter being derive
from the common practice of matching the transmission losses across part of the frequency spectrum.
Adjustable schemes that change the parameters of the compensating mechanism in response to specifi¢

o0

received signal measurements are termed “adaptive”. It is usually assumed that adaptive schemes will use
some sort of automatic means to do the adapting.

For purposes of MJSQ only linear, non-adaptive schemes are considered.

The mechanisms of degrading signals fall broadly into two modes: (1) primary losses along the
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transmission path such as attenuation, reflections and resonances and (2) secondary losses due to
causes that are external to the transmission path such as crosstalk noise. In some cases the secondary
losses may exceed the primary losses. Losses may be in amplitude or timing precision or both.

Details concerning the important differences between the location of the compensation are explored in the
following subclauses.

6.14.2.2 Transmitter compensation

Any compensation scheme that is implemented in the transmitter either (a) makes assumptions
r-nnm:rning the nature and inrpneiry af the dpgrndntinn that accurs dllring the transmission ar (h) has som

sort of feedback from the receiver that allows adjustment of the parameters of the compensation scheme.
As such a mechanism relies on higher level protocol (as yet not specified) MJSQ does not consider.any
schemes that incorporate transmitter feedback compensation schemes.

When transmitter compensation is used, the results are visible in the signal launched from the transmitter.
However, it may be necessary to use special methods to determine the quality of thevsignal from th
transmitter since the compensation process may significantly alter the signal.

\1%
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The general method for verifying transmitter compensation is to pass the trarismitter signal through
transfer function that emulates the loss mechanism, in both magnitude and phase, for a standar
interconnect attached to the transmitter before examining the signal. One measurement set up for such
methodology is shown in Figure 32 where models are used instead of hardware, where possible.

OO

The mathematical description of a compliance interconnect is not a specification for the interconnect itse
(although the specifications for the compliance interconnect are derived from assumptions about th
interconnect). It is a specification of the load that is placed<n the transmitter for purposes of enablin
measurement of transmitter signals.

=

OPTIONAL SCOPE PROBES SHOWN,
TERMINATION-MAY BE PART OF

SCOPE INPUT-(OT REQUIRING PROBES) DIGITIZED REAL TIME

TRANSMITTER WAVEFORM*
et TermaTor  ORCINARY SAMPLING
OSCILLOSCOPE
TRANSMITTER
REPEATING PLACED AS CLOSE  TR|GGERED ON THE IMPEDANCE
AS PRACTICAL TO
PATTERN SAME PART OF THE INEORMATION*
E.G., CITPAT THE TRANSMITTER  REPEATING PATTERN
MATHEMATICAL
- < DESCRIPTION OF
COMPLIANCE
\ INTERCONNECT
OUTPUT EYE SOFTWARE OTHER MJSQ
SYNTHESIZER REQUIREMENTS
(SUITABLE PACKAGES E.G., GOLDEN
PRESENTLY EXIST) BLL

* COMPLETE DETAILED WAVEFORM RESULTS - SEE MJS ANNEX 9.2.8

2 OB TAINED EROMA SERARATE MEASUREMENT ONTUHE TRANSMITER

Figure 32 - Measurement set-up for evaluating transmitters

It is also possible to evaluate the transmitter by using a golden physical sample of compliance interconnect
attached to the transmitter. In this case the mathematical description of the compliance interconnect is built
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into the golden hardware and direct observation of the output eye is possible without the software
synthesizer. Even in this case the specification for a physical compliance interconnect is not the same as
the specification for the link interconnect where a much more complete set of requirements are specified
including items such as crosstalk and EMI performance.

6.14.2.3 Interconnect compensation
Interconnect is specified by its ability to transport a minimum quality launched signal to an adequate quality

sighal coming out of the far end. If compensation is incorporated into the interconnect itself then the
interconnect includes the compensation as part of its performance and no special treatment is required.

6.14.2.4 Receiver compensation

Figure 33 shows the basic scheme used to specify input signals for devices whose internal circuit
(receiver itself or other circuitry) incorporates compensation. If this compensation is included as_part of th
link budgeting process the effects of this compensation must be visible at the connector where th
interoperability specifications apply. In an extreme example the signal may exhibit nogitter eye openin
and/or no waveform eye opening at all at the connector unless the effects of the 'compensation ar
included in the signal measurement process. The device itself is evaluated based on'its ability to produc
small error ratios with a minimum quality incoming signal. This evaluation demands the ability to specif]
and calibrate a signal at the interoperability point for use with signal tolerance measurements.

PO—— D

Since the device with the receiver processes the signal internally, the ‘0bserved signal at the connecto
needs to be processed to emulate the internal signal in the device at point “A” during the signg
measurement. This is done by passing the signal at the connector’through a standard compensatio
transfer function (possibly, but not necessarily, the same as that used internally in the device) befor
evaluating the signal. The standard compensation transfer fufiction is that assumed when creating the lin
budgets. Real receivers need not implement exactly the same function or method but the properties of the
signal used for signal tolerance measurements are knewn and the device may be designed to work with
this signal. The standard compensation function allows

O—=—==

D

a) Visibility of the signal properties at the receiver device interoperability point
b) Use of the same signal quality specification methodology as for non-compensated signals
c) Link budgeting to be done without c@mpromising the ability to do proprietary receiver designs.

For signal tolerance testing the signal observed downstream of the standard compensation function is the
adjusted to have the properties of @ minimum quality signal. This calibrated signal then applied to th
device and the device bit error fatio is measured. Bit errors are detected at point “B” after passing throug
the internal receiver.

= D=
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GENERAL MEASUREMENT CONFIGURATION FOR THE SIGNAL
GOING INTO THE RECEIVER THAT USES COMPENSATION

INTERNAL
COMPENSATION DEVICE
FUNCTION
A
INTERCONNECT
TRANSMITTER ™ «—B
g ) \
\ SIGNALS
SPECIFIED INTERNAL RECEIVER
AT CONNECTORS
TRANSMITTER
SIGNAL A
MEASURING »
INSTRUMENT
SIGNAL MEASUREMENT SCHEME oSt
AT RECEIVER CONNECTOR APPLIED
AFTER
COMPENSATION
TEST TERMINATOR EMUPATION
PLACED AS CLOSE HERE
AS PRACTICALTO  COMPENSATION FUNGTION
THE RECEIVER EMULATOR (HARDWARE OR
CONNECTOR SOFTWARE) WITH MINIMUM

REQUIRED TRANSFORMATION
(E.G., STANDARD RECEIVER)

Figure 33 - Measurement set-up for evaluating receivers

Since the measurement system shown in figure 33 is lineary one could place the compensation functiof
before the signal measurement instrument by using a hardware version of a golden receiver signal proces
sor. In all cases, specification of a standard compensation function is required.

6.15 Determination of compliance

Signal quality compliance is determined by the standard that specifies the requirements. The MJSQ docu
ment does not alter the specifications in existing standards in any way. However, it is possible that existin
standards may not have fully considered the requirements for predicting link bit error ratio performancs
from signal quality measurement. Thé.more complete approach taken in this document is now available fo
consideration and adoption by the:various governing standards’ bodies to reduce that risk.

= 0

The requirement for no more_than a single event being recorded within the same bit time as described in
6.3 allows direct application of population requirements specified at the nominal receiver threshold cross
ing to the population réquirements at every signal level within the range of the maximum and minimum val
ues of the eye opening. If you require no more than 1E-12 within the eye at the nominal receiver crossin
level then you reguire no more than 1E-12 within the eye at any other signal level where there is a finit
eye opening aswell, but the time values applicable to the other signal level will be determined by the ey
mask values at that signal level.

o

The jitter'eye opening specification may require modification if compensation schemes are used in th
transmitted signal or in the receiver, see 6.14. If modifications to the jitter eye opening specification ar
Gsed then the modified jitter eye opening shall be used to determine the population at each signal level.

oD

The jitter population at every signal level shall be determined using the methodologies specified in 6.4, 6.8
and 6.10.

Compliance to a more general jitter population specification that considers different signal levels requires
that the jitter population at every signal level be less than that allowed for the bit error ratio for the link.
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For electrical links, the masks and specifications shown in FC-PI-n apply to special test loads - not to the
system in operation - and they apply at all interoperability points, not just for the transmitter. However, for
signal tolerance measurements (e.g. receiver response properties) the link downstream from the interoper-
ability point shall tolerate the worst case signal. This is accomplished by setting up the signal from an
instrumentation quality source into a special test load with nearly ideal termination. The test load is then
replaced with the downstream link under test and the BER from the receiver is measured. Any departure
from ideal termination in the downstream link under test will further degrade the signal but does not change
the requirements on the signal tolerance for the downstream link. In this way the downstream link is appro-
priately penalized for not having good termination. For receiver testing the downstream link consists of only
the receiver. Signal output requirements are specified in the context of measuring with a test load placed at
the interoperability point.

6.16 Extremely stressful data patterns and scrambling

As shown in figure 30, some data patterns are capable of producing high stress in the receiver undersom
conditions. For example, the CIJTPAT is capable of producing 30 % to 40 % greater DDJ + DCD compare
to CRPAT or repeating K28.5's in dispersion related ISI dominated links. These stress conditions are pos
sible in compliant frames and are a legitimate way to stress the transmission process.

o0

Annex A contains descriptions of several data patterns that contain various types ofistfess conditions.

Even more stressful conditions may exist when scrambling is used on encoded\data streams after encod
ing. Scrambling is sometimes used in an attempt to limit the peak energy at‘any specific frequency for EM
management purposes. This occurs because the deterministic nature of\the code (8b10b for example) i
eliminated by the probabilistic nature of the scrambling. However, an (ndesirable side effect with probabi
listic coding schemes is that it is statistically possible to produce very_unusual bit pattern relationships an
excessive run lengths. One therefore needs to consider the probability of truly excessive stress resulting
from the probabilistic nature and the allowed error ratio.

L ¥ 2 |

o

MJSQ does not include any methodologies that specifically accommodate effects caused by scrambled
transmissions.

If scrambling is done before encoding into 8b10b-then only the payload data is scrambled and the ru
length is limited by 8b10b. However, the spectral distribution in the transmitted data stream will be change
by the scrambling so one cannot assume that the link stresses caused by the data stream, notably thos
that are caused by transition density changes, are the same as without scrambling. In this case it is heces
sary to pre-unscramble before transmission so that the 8b10b characters required by the pattern are actu
ally present on the transmission media and are presented to the CDR as specified.

T o=

Annex A contains more information concerning low probability issues.

7 Jitter causes and jitter distribution

7.1 Jitter contfibution elements

The implementation examples in figure 9 shows several elements that degrade signal quality or enhanc
signal quality*and ports that re-time to a local clock. The typical effect of each of these elements on signg
quality is\summarized in table 4.

1”2

7.2>>Jitter distribution

7.2.1 Basic types - Bounded and unbounded, correlated and uncorrelated

For ease of analysis this document divides jitter into two basic types: bounded and unbounded. The jitter
distribution consists of combinations of bounded and unbounded components. The total jitter is the time

interval where all but a specified fraction of the population falls. The specified fraction is frequently 1012,
The allowed total jitter varies with signal level. Total jitter is abbreviated TJ.

Subclause 7.2 describes the bounded and unbounded types in more detail.
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Table 4 - Signal quality contribution elements

Element Typical effect on signal Description
FC Ports/ other | Originating signal A fabric Port that launches a signal with original jitter and
protocol aware | source - defines the amplitude content. Generally amplitude decreases and jitter
PMD sublayer | quality of the launched | increases during the transmission process. A full FC-AL Port
Ports signal - used as the sig- | also launches a signal with original jitter and amplitude con-
nal quality reference for |tent by amplifying and re-timing the incoming signal to its
other points in the trans- | local clock. An elasticity buffer is included that absorbs the
mit/receive connection | worst-case frequency mismatch between the receive data
{recevered-cloclk)and-thelocal-clockfor-the-madmum-frame
length.
Retimer Originating signal A re-timer is a serial data in and serial data out nade-that
repeater source - defines the re-times data to a local transmit clock. The use of'a retimer|
quality of the launched | element has the same effect on resetting the Yjitter and
signal - used as the sig- | amplitude budget as an FC Port. An elasticity-mechanism is
nal quality reference for |included that absorbs the worst-case fregiency mismatch
other points in the trans- | between the receive data (recovered clock) and the local
mit/receive connection | transmit clock for the maximum frame length.
Reclocker Amplify amplitude, A reclocker repeater or ‘reclocker?, is a serial data in and
repeater attenuate jitter, restores | serial data out node that atfenuates jitter by re-generating
rise and fall time the serial data using the ‘recovered and filtered bit clock
derived from the incoming data stream and resets the
launch amplitude typically by amplifying.
Amplifier Amplify amplitude, An amplifier repeater, or ‘amplifier; amplifies the incoming
repeater, buffer | increase jitter, restores | signal, but typically transfers all the jitter present at the input
element (e.g., |rise and fall time to the output.and may introduce additional jitter through duty
limiting ampli- cycle distartion, crosstalk, power supply noise and data
fier) dependent jitter. Duty cycle distortion may be exacerbated

or redéiced depending on the direction of the duty cycle dis-
tortion.

PMD repeater

Change signal type,
effect on jitter depends
on the type of repeater

Circuits for converting or coupling serializer output to trans-|
mission media or transmission media to deserializer input.
Behaves like amplifier, reclocker or retimer depending on
design.

Passive equal-
izer

Attenuate jitter; may
increase Usable ampli-
tude

A passive filter that improves signal quality by compensating
the frequency dependent effects of a bandwidth limited
medium. Although the peak amplitudes are attenuated due|
to the passive nature of the filter, the usable signal may
have significantly greater amplitude due to the reduction in
jitter.

Transmission
media

Attenuate amplitude,
increase jitter

Fibre optics or electrical cables attenuate amplitude due to
losses and increase intersymbol interference (ISI) jitter due|
to dispersion. May also increase jitter and/or decrease
amplitude through crosstalk, reflections and resonances.

€onnector

Attenuate amplitude,
increase jitter

Electrical and optical connectors introduce reflections,
crosstalk and attenuation that causes loss of transmitted

amplitude and increased jitter.

The jitter distribution is the histogram of all the jitter components in the data stream.

Jitter that has a defined timing relationship with a specific data edge in a repeating data pattern for the sig-
nal under test is correlated to the data pattern. Jitter that does not have such a defined relationship is
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uncorrelated. Uncorrelated jitter has a mean value of zero with respect to the same signal edge in a
repeating data pattern.

7.2.2 Unbounded (definition, concept, quantitative description)

Unbounded jitter has the property that some finite population exists at all values of jitter (assuming an infi-
nite sample size). Unbounded jitter of practical interest to MJSQ has a Gaussian distribution.

The word ‘random’ is sometimes used correctly to describe Gaussian jitter and is sometimes used incor-
rectly to describe jitter in general. Unbounded jitter or random jitter, is abbreviated RJ and is uncorrelated
to anything.

7.2.3 Bounded (definition, concept, quantitative description)

7.2.3.1 Overview

Bounded jitter has the property that no population exists beyond specific limits regardless of the humber gf
events obtained.

All bounded jitter is deterministic (by definition) and all unbounded jitter is Gaussian. The’word ‘determin
istic’ does not exclusively apply to data dependent jitter. Data dependent jitter is,one of the classes @
deterministic jitter. The word ‘deterministic’ implies that something determines the-yalue of the jitter and th
word is retained in this document because of common usage. If jitter is detefministic, it may or may nd
come from a known cause.

— D —h T

Bounded jitter consists of one or more of the following classes: duty cycle, applied sinusoidal, data depen
dent and uncorrelated (to the data stream in the link under test). Bounded jitter, or deterministic jitter, i
abbreviated DJ and may or may not be correlated to the data pattern used on the signal under test. DJ i
commonly used for compliance and budgeting as a level 1 quantity.

o0

7.2.3.2 Duty cycle distortion (correlated)

Duty cycle distortion jitter (DCD) has the dual Dirac delta function distribution and is due to different puls
widths for logical “1” signals compared to logical ~0" signals. Duty cycle distortion jitter is most easil
observed in a clock-like data pattern. DCD is syp€hronous to the data pattern and is considered to be cor
related to the data pattern in the signal being measured even though DCD does not change with change
in the data pattern. There are also benefits ftom using arbitrary data with DCD definition 2, see 3.5.30.

T <D
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DCD is compensatable in principle by inversing the DCD.

7.2.3.3 Data dependent (correlated)

7.2.3.3.1 Overview

Data dependent jitter (DDY) is jitter that varies if the data pattern changes. The data is strictly the dat
transmitted in the same_path as the signal being measured. Data on other paths contribute to crosstalk jit
ter and is not congsidered data dependent in this document. Data dependent jitter is abbreviated DDJ and i
commonly caused-by ISI.

1=-4

o

ISI is a geperal term for one signal feature causing a distortion in the signal away from the signal featur
itself. Eorexample, if the signal feature is a signal edge the ISI distortion may be seen in the neighborin
signaledges, in the nominally stable portion of the signal or far away from the signal edge. The ISl distoi
tion-is predictable and is correlated to the data pattern. The signal distortion is the ISI and the jitter thy
results from that distortion is the DDJ component.

T & D
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The details of the link determine where and how the distortion exists. ISI commonly is caused by high-fre-
quency dispersion, reflections, low-frequency coupling or control components and other mechanisms
related to the frequency response of the link. The three most common forms of jitter that result from the dif-
ferent ISI mechanisms are identified as follows: dispersion induced jitter (signal edge roll off occurring dur-
ing signal transmission), reflection induced jitter and baseline wander induced jitter. Other less important
forms of ISl induced DDJ are also possible. For example, in differential electrical links common mode
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reflections may create differential noise with resulting jitter in the differential signal. Because the manifesta-
tion of 1Sl is widely varying depending on the causal mechanism the term ‘ISl induced jitter’ is not as useful
as referring to the causal mechanisms directly.

ISI induced jitter is compensatable in principle by inverting the high-frequency response properties of the
link that caused the ISI. The compensation required will be significantly different depending on the causal
mechanisms and the intensity of the distortions.

DDJ may also be caused by non ISI mechanisms such as power supply noise on the transmitter device
that correlates to the data pattern and ground bounce.

It is possible that any ISI mechanism may be affected by crosstalk (crosstalk is an uncorrelated mecha
nism). For example, crosstalk may affect the differential and common mode impedance of the signal\patih
under test or may affect the shape of the original signal edge that caused the ISI. In this case, the ¢€rgsstal
is affecting the jitter in the signal under test and introducing some BUJ via an ISI mechanism. ‘The IS
mechanisms that apply to DDJ are only the correlated portions.

7.2.3.3.2 Dispersion induced jitter

Dispersion induced jitter (DIJ) is a form of DDJ caused by signal edge dispersioniqrroll off in the signa
transmission process. Dispersion causes IS| effects that produce correlated detefministic jitter. DIJ is mos
important for long lossy links. Historically, some people have referred to DIJ as’being the same as DDJ an
it is common for people to use the term ISI and DDJ interchangeably. MJSQ_uses these terms more care)
fully.

T+ —

7.2.3.3.3 Reflection induced jitter
Reflection induced jitter (R1J) is a form of DDJ caused by refleetions in the signal transmission process.
Reflections cause ISI effects that produce correlated deterministic jitter. R1J is most important for short, loy
loss links with poor return loss in the transmitter device or.the/receiver device or both.

7.2.3.3.4 Baseline wander induced jitter
Baseline wander induced jitter (BWJ) is a form of DDJ caused by by inadequate low-frequency response in
a link. One good example is the use of a.c. coupling components, such as an RC circuit, where the low-fre
guency corner is too high. The transfer functign of the coupling circuit causes ISI effects that produce cor
related deterministic jitter. Another good example is where the loop bandwidth of an average power lase
diode control circuit is too high.

=

7.2.3.3.5 High probability DDJ
High probability data dependent.jitter (HPDDJ) is DDJ jitter that comes from relatively short data patternd.
In 8b10b FC the longest data pattern presently defined for measurement purposes is CJTPAT that ha
2640 bits. HPDDJ is defined for this document as DDJ resulting from the CJTPAT and shorter data pat
terns.

o7

7.2.3.3.6 Low‘probability DDJ

Low probability_data dependent jitter (LPDDJ) is DDJ that is associated with patterns having repeatin
structuresdonger than CJTPAT. Encoding schemes and associated data patterns such as scrambling an
64/66 enceding may require dealing with LPDDJ. For data patterns that have no significant population o
LPDDBJ, existing equipment is expected to be able to practically acquire sufficient data. Extrapolation t

10:32CDF levels may be significantly in error if data patterns with LPDDJ are used. To avoid these extrap
olation errors direct measurement at 1E-12 levels may require BERT methodologies. A more detailed dig

O =

cussionof low nrobhabilitzissues is contained-in Annex A,
= 7

7.2.3.4 Uncorrelated DJ

7.2.3.4.1 Overview

Uncorrelated DJ, (BUJ) is the part of the deterministic jitter that is not aligned in time to the HPDDJ and
DCD in the data stream being measured. There are three main sources of BUJ, (1) power supply noise
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that affects the launched signal, (2) crosstalk that occurs during transmission and (3) sinusoidal applied to
the receiver input for jitter tolerance measurements. Clipped Gaussian distributions caused, for example,
by active circuits is also considered BUJ. BUJ usually is high population DJ, with the possible exception of
power supply noise and the ‘tails’ of clipped Gaussian distributions.

BUJ may or may not be compensatable. Inversing the PJ peaks in the BUJ frequency distribution may be
partially effective.

7.2.3.4.2 Power supply noise

Jitter in the launched signal caused by power fluctuations within the transmitting chip is the power supply
induced BU1_Power anply naoise may also affect the BER prndl 1ced hy receivers but in this case does nat

directly affect the methodologies for making signal quality measurements.

7.2.3.4.3 Crosstalk / external noise

Jitter caused by crosstalk from adjacent lines or from other sources not part of the transmission.path unde
test is crosstalk jitter. Power supply noise from supplies other than that used for the launched signals ar
unlikely to couple into the signal under test because of the low frequency of the power;supply (includin
switching power supplies). Such coupling, if any, is conductive and affects the power supply for th
launched signal. Since most crosstalk comes from adjacent lines or from other high-frequency sources, th

PO—— =

populations of crosstalk jitter is expected to be relatively high (> 107) even though the crosstalk noise ma
only occasionally have a phase match to the signal transition in the signal being measured. The fraction g
transmitted bits that are significantly affected by crosstalk from adjacent tuhcorrelated links is typicall
>1E-6. Crosstalk that comes from low-frequency or only occasionally-@ceurring conditions (like lightnin
strikes) may cause low population DJ (i.e., low population BUJ). Crgsstalk may or may not have discret
spectral peaks and so may be difficult to isolate from RJ.

—

<
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7.2.3.4.4 Applied sinusoidal
Applied sinusoidal jitter consists of a sequence of jitter évents that vary sinusoidally as one moves fron
one signal edge to the next signal edge, reaches a peak and then decreases again. The sinusoidal jitte
oscillates with a frequency significantly less than the“data rate of the signal under test. Sinusoidal jitter i
abbreviated SJ. PJ (periodic jitter) is not a type ofgitter but rather is a way to describe peaks in the jitter frej
quency spectrum of residual jitter.

=

Sinusoidal jitter may be purposefully launehed in the signal for jitter tolerance measurement for example o
may be induced into the data stream by.crosstalk mechanisms.

=~

7.2.4 Residual jitter and variance record

Jitter that remains after the DDJ"and the DCD is removed is called residual jitter. Residual jitter is importan
because several practical.measurements methodologies are capable of determining the DDJ and DCDO|.
Extraction of the RJ intrihsically involves working with residual jitter.

—

Residual jitter consists of RJ and BUJ. Properties of residual jitter include:

a) Uncorrelated to the data patterns

b) Isd¢hefocus for calculating total jitter

¢) ~Unbounded because residual jitter includes RJ
d).\Contains all the low population events

Residual jitter is a key differentiator amongst various measurement methodologies because the populatio

of residual iitter events mav be spnarse Removinathe DDJ] and the DCD increases the noise marain avai
J P4 L J J

=

able for determining total jitter.

The square of the standard deviation of the residual jitter distribution for a specific signal edge is the vari-
ance for that edge. The collection of variance values for consecutive edges is the variance record for that
data stream. Variance records are useful for producing FFTs (i.e. power spectrum) of the residual jitter.


https://standardsiso.com/api/?name=919b236fbe3de22e0f029fc4b1085e92

TR 14165-117 © ISO/IEC:2007(E) - 73—

This power spectrum is especially useful, using existing mathematical algorithms, for separating the PJ, RJ

and BUJ.

7.2.5 Summary of jitter taxonomy

Figure 34 shows the terminology and relationships related to jitter distributions.

A

Total Jitter (TJ) at CDF = 1E-12

Deterministic Jitter (DJ) - bounded

\

DDJ DCD

SJ

(D13*, RI1J*, BWJ*, other) (applied)

BUJ
(PJ + non-PJ)

RJ

(unbounded)

Correlated

_Residual Jitter - unbounded

-«

Uncorrelated

Y

A
\
A

DDJ = Data Dependent Jitter
DCD = Duty Cycle Distortion Jitter

SJ = Sinsoidal Jitter (applied periodic jitter during signal tolerancertesting)

BUJ = Bounded Uncorrelated Jitter

RJ = Random Jitter (Gaussian - unbounded)

DIJ = Dispersion Induced Jitter
RIJ = Reflection Induced Jitter
BWJ = Baseline Wander Induced Jitter

\

PJ = Periodic Jitter refers to spectral peaks in thegitter frequency distribution of BUJ

* Crosstalk may also induce uncorrelated jitter. via)these mechanisms -

only the correlated portions apply to DDJ

Figure 34 - Taxonomy of jitter,terminology and relationships

8 Calculation of jitter compliance values (level 1)

8.1 Overview - Separation of jitter componen

Calculations defined in this clause.are required to extract the DJ and TJ values that are used for budgetin
and compliance. These calculations are derived from the methods used in FC-PI termed ‘equivalent jitter].
The term ‘effective jitter’ has also been used for this same purpose. In this document, the term ‘level 1 DJ

refers to the level 1 result.

The CDF distribution.résulting from the measurement scheme used is the input to the calculations and th
method described-in‘this subclause shall be used to calculate DJ and TJ for level 1 uses. Measuremeri
schemes that produce PDF outputs shall convert the PDF distribution to a CDF distribution prior to apply]

ts

ing the equivalent jitter calculations. This process is graphically shown in figure 35.

— DU
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Step 1: CDF acquisition Step 2: Extract Level 1 TJ and Level 1 DJ
Level 1 input to Level 1 output
Step 2
Curve fitting
(specified parameter extraction
BERT, TIA, algorithm with 2 degrees of freedom
foraach cida of tha hit timan aandona
KT SCope PO LT ST I T Tt s vy J
Etc.
Extract fit parameters

Optional level 2

_ intermediate results Output is levehiTJ
Output is a CDF for And levelhl DJ
both sides of the bit To be used for
Time window compliance

And budgeting
Output is independent of ~ Output is fit parameters such as
measurement scheme means or their differences and siginas
or their average

Figure 35 - The two step process for calculating level 1 DJ and TJ

The CDF itself is a level 1 quantity that may be used if there are no requirements on DJ or TJ.

A primary goal of using the same calculations to produce the compliance values is to reduce the error fron
attempting to extract DJ, RJ and TJ from any particular measurement scheme. Several measuremery
schemes included in this document define methods for calculating DJ, RJ and TJ. These calculation
associated with particular measurement schemies produce level 2 results that may be useful for character
ization or diagnosis. Measuring the same signal with different schemes may or may not produce the sam
level 2 DJ, RJ and TJ results. An RJ value is extracted in the process of calculating level 1 DJ and level

TJ but this RJ value is not used specifically for budgeting or compliance purposes and is therefore not

level 1 parameter.

T O+ =

DD

The only valid method for producing a level 1 TJ or DJ value is via the calculations in this subclause.

1”2

It is expected that a fitteéd-curve to the raw CDF data has been done as part of the process of producing th

CDF output and that accurate expected time values associated with exactly the 10® and 1012 CDF level
are available as.input to the equivalent jitter calculation. Level 1 jitter calculations assume a functional forn
for the CDF output below the DJ ceiling but do not execute any curve fitting. The burden of producing a
accurate CDF/output lies with the individual measurement scheme.

-

The assumed form is a dual-Dirac PDF function, where each Dirac impulse, located at +DJ / 2 and -DJ / 2,
is eonvolved with separate half-magnitude Gaussian functions.

Pevel 1 DJ ‘weights’ the measured distribution (after removing the RJ) in a manner that rewards benign DJ

and penalizes harsh DJ. A benign DJ distribution is where the majority of the events are near the center of
the distribution. A harsh DJ distribution is where the majority of the events are near the boundaries of the
distribution. Therefore, level 1 DJ is usually less than peak-to-peak of the measured deterministic distribu-
tion, because the peaks of measured distribution usually occur with some lower probability. Total jitter must
always be the same regardless of whatever form of DJ is used.
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The constraints of an assumed CDF form and of using values at specific population levels are required to
enable data acquisition methodology independence.

The choice of the dual Dirac is based on the historical forms used in MJS and FC-PI. The assumed form
allows a simple calculation.

Level 1 DJis not only a BERT method,; it may be used by any instrument that measures or calculates a his-
togram (PDF) or CDF. Level 1 DJ does not understate DJ any more than peak-to-peak DJ overstates it.
These are different definitions. Neither is the ‘real’ or ‘true’ DJ.

8.2 Examples comparing level 1 DJ with peak-to-peak DJ

Figure 36 shows three different DJ PDF’s that all have the same peak-to-peak value of 0,1 UI.

The uniform distribution is harsh, the triangular distribution is less harsh and the raised cosine distribution
is relatively benign.

20 L7 \ » ]
Uniform / "\ — Raised
\ Cosine

v
N
/

10

-
~
N
2
/
-

f .

, Triangle \ '

’ '

/ \!
” ~

Peak-to-peak DJ = 0.1 Ul

Population (arbitrary units)

0,1 0,08 0,06 0,0450,02 O 0,02 0,04 006 008 01

Time, Ul
Figure 36 - Threedjfferent DJ PDFs used to create CDF's in figure 37

Figure 37 shows the CDFsythat result when the DJ PDFs in figure 37 are convolved with RJ of exactly
0,020 Ul rms.
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[y

Triangular:

=

Level 1 DJ = 0,048 Ul pk-pk

0.01

/ RJ =0,021 7 Ul rms

10~

\2\ Uniform:
Level 1 DJ =0,07 Ul pk-pk

10~

L 5 RJ =0,021 Ul rms
[8) 10 Ve
o
W g0® - -
o Raised cosine:
10 ' Level 1 DJ = 0,036 Ul pk-pk
10°8 RJ =0,022 Ul rms
-9
10
o NN
e W
0 0,05 0,1 0,15

Figure 37 - CDFs and associated level 1 DJ values from PDFs in figure 36

Also shown in figure 37 are the values of RJ and level 1 DJ and that result from the calculations required i
clause 8. Notice that the different level 1 DJ values account for the different TJ values and that the RJ va
ues are almost exactly 0,02 Ul. The shape of the DJ distributiofi)makes a difference and is important fo

compliance.

Figure 38 shows an example of real data and the associated PDFs calculated from the methods in thi
clause. The term level 1 TJ PDF is used for convenience because it resulted from the level 1 calculation
but there is presently no compliance requirement foryTJ PDFs. The measured DJ PDFs and the measure
peak-to-peak DJ were derived from a TIA measurement where no BUJ (bounded uncorrelated DJ) i
present. In this case, the DJ may be separated from the RJ by averaging out all the uncorrelated jitter (i.e

by removing the RJ).

Sample time, Ul

=

=

0
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Level 1 TJ PDF (calculated)
e N\

1
0.1 o
oo AR N
e AR 7 ToTRY
1 1 - 1
2 0 [ A\ Measured DJ PDF | \\
- I ] ! 1 1
2 10° f 1| I Measured TJ PDF P \
8 46 T | | Pl
o) - [ 1 1 | | 1 1
7 : i HEN]
N 10 / o Measured Pk-pk DJ T
g 10° oo ‘ ‘ L] \
6 10 9 1 : E E E '
Z i / ! = Level 1 DJ (calculated) =™ | \ |
107 2 /f ME— ~TJ —— ‘\ )
-11 t ; ; - - !
oy e L
10° : '
025 02 -0,15 01  -0,05 0 0,05 01 015 02
Time, Ul

Figure 38 - Real data comparisons using RBFs

Figure 39 shows the CDFs that result from the PDFs in figure 38.

Level 1 TJ CDF Level 1 TJ CDF
left of crossing, right of crossing,
right of bathtub left of bathtub
(calculated) (calculated)
1 \ — v
0.01 \ ' / \: (
7l : Measured CDF ]
10 ///\\ right of crossing, left of bathtub
L s g 0N | \ ! Sy
5 10 / T Measured CDF ; \
=z 10°® - 5 left of crossing, rightofbathtqb -
N [ D
1o / : : Measured pk-pk DJ ————>
0° _J o | | | I \
1010 ! / : i«—Level 1 DJ (calculated)—> | | \ !
n 1 — TJ : W
10 L/ A : \L
1012 y \:
0,25 -0,2 -0,15 -0,1 -0,05 0 0,05 0,1 0,15 0,2

Time, Ul

Figure 39 - Real data comparisons using CDFs
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8.3 Methodology details for calculating level 1 DJ and level 1 TJ

A CDF measured by any valid means is used as the starting point for the calculations specified in this sub-
clause. Valid extrapolation methods may have been used in the measurement of this CDF - direct mea-
surement at CDF = 1E-12 is not explicitly required.

Define the jitter eye opening at the CDF = 107 level as ty and the jitter eye opening at the CDF = 10712
level as t1. Both sides of the bathtub curve are required to determine the jitter eye opening.

Calculate Qg = -gnorm[(2/TD)*107,0,1] where gnorm is defined in Mathcad™ !and the transition density,
D is-assumed-tobe 05 for 8b10b encoded-data

Calculate Q4 = -qnorm[(2/TD)*10'12,0,1] where gnorm is defined in Mathcad™ and the transition density,
TD, is assumed to be 0,5 for 8b10b encoded data.

The resulting values under these assumptions are:

Qo = 4.465
Q, = 6,839

Calculate the jitter results from the equations below. RJ;yg is the rms (1 sigma) value for RJ. DJ and TJ
are given as peak-to-peak values.

Qp, is the peak number of RMS jitter magnitudes for the given BER."TJ may then be expressed as:

Equation 7 — Level 1 total jitter

TJ=Ul-t; = DJ +13,68 Rlyms

where Ul is the bit period (e.g., 941,2 ps for 1 062;5 GBd).

Equation 8 — Level 1 Deterministic jitter
DJ = Ul-t5 - (2XQXRJ, 1 5)= (Ul-t5-(8,93)(xRIgms)

DJ and TJ when presented without,stibscripts are the level 1 values.

RJ;ms for use in equation 7 andequation 8 may be calculated from:

-1

Ql - QO = (0,210 6)‘t1 _tO‘

This is not@level 1 RJypg since RJymyg is Not a level 1 parameter.

1. Mathcad™ is the trade name of a product supplied by Mathsoft Engineering and Education Inc.
This information is given for the convenience of users of this document and does not constitute
an endorsement by 1SO or IEC of the product named. Equivalent products may be used if they
can be shown to lead to the same results.
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9 Basic data forms, analysis and separation of jitter components

9.1 Overview

9.1.1 Introduction

Clause 9 describes the basic data forms, analysis methods and methods for separating the components of
the jitter distribution in addition to accurately determining the total jitter. These methods may be required to
produce the CDF that is used for the level 1 calculations in clause 8 and are useful for characterization,

design, diagnosis and other level 2 uses. The method described in clause 8 is required to produce DJ and
TJ values for compliance purposes (Ip\/nl 1) The values of level 2 DJ RJ and TJ praduced from the

methods described in clause 9 and in some subclauses of clause 10 may vary between the methods an
before MJSQ was developed this was a source of error between measurements. Since TJ is directl
contained in the CDF one does not expect significant differences in TJ from different measuremen
methods. However, even in the TJ case, only the method described in clause 8 may be used for level
purposes.

— =~

This clause is written without always making the distinction between level 1 values and level 2 valueg.
Similar lack of distinction may also persist in documentation for specific instruments. Iit'is up to the user t
be diligent in avoiding to use any DJ or TJ values calculated by methods othér_than that described i
clause 8 for level 1 purposes.

=5 O

9.1.2 Basic data forms

There are five basic data forms considered:

time domain measurement of jitter events at a specific/signal level from a jitter timing reference;
measurement of error rate at specific signal level and’'time from a jitter timing reference;

single shot capture of a signal waveform;

measurement of the time between a known number of signal edges at a specific signal level;
RF power spectrum.

® OO T QO
—_—_—— - =

Each of these data forms is accessible via known measurement processes and each has its own advan
tages and disadvantages. See table 5 for asmapping.

9.1.3 Data analysis methods

There are five data analysis methods considered:

a) direct PDF/CDF analysis on jitter events;

b) over-sampledisequential time analysis on a waveform;

c) under-sampled sequential time analysis on residual jitter from specific signal edges;
d) statistical’bin"analysis on time between n signal edges;

e) spectnaldensity analysis on the jitter population.

Each of these data analysis methods, or combinations of these data analysis methods, may be used in th
process\of generating the CDF required for use in clause 8 to calculate the level 1 DJ and TJ. See table
for azmapping.

O
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Table 5 provides a brief comparison of the methods.
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Table 5 - Comparison of basic data forms and analysis methods (Sheet 1 of 3)

Analysis Data form Processing to Assumptions Other potential Instrument types
method prepare CDF & comments information (level described in this
2) from data form document that are
capable of creating
the data form
(See also table 6)
PDFE/CDE Time- » Some form of * Bit-timing ref- | ¢ peak-to-peakDJ, | « BERT
analysis based PDFE smoothing and/ erence and » Other DJ PDF or |  TIA (clocked, pat-
of many jit- c_>r extrapola- Golden PLL CDF det'ails tern markey, mark-
ter  events tion may be are already » Cannot isolate erless)
. required applied sub-components * RT&eope
or direct | | If PDF inte- « Sufficient of DJ ¢ Enhanced EQ
measure- grate into CDF number of scope
ment of events for
CDF at spe- accurate fit-
cific  times ting and/or
via bit error extrapolation
measure- of tails
ments « If extrapola-
tion is
required,
assumed tails
are Gaussian
Over- Single shot | * Interpolate jit- * Sufficient * Any components | ¢ RT scope
sampled sampled ter events numbper-of from CDF prepa-
sequential capture  of betwe_en sam- pattern repeti- ration (
time analy- | multiple pat- ples, |r_1te_rpo- tlor_ls for sta- peak-to-peak DJ,
. . late missing tistical frequency con-
SIS tgrn repeti- signal edges; relevance tent, PJ terms,
tions calculate FFTR\"* | « Noise floor is etc.)
* Isolate DDJ Gaussianand | ¢ Info on run
* |solate/PJ from uncorrelated lengths, transi-
RJ e Broadband tion density, etc.
» Calculate crosstalk in » Can isolate DCD
inverse FFTs the mea- * Provides other
for DDJ and PJ sured signal waveform infor-
* Apply SW may affectthe mation including
Golden PLL validity of the eye patterns
» Convolve CDF due to
DJ*RJ terms separation of
* Integrate into DJ from RJ
CDF required prior
to producing
the CDF
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Table 5 - Comparison of basic data forms and analysis methods (Sheet 2 of 3)

Analysis Data form Processing to Assumptions Other potential Instrument types
method prepare CDF & comments information (level described in this
2) from data form document that are
capable of creating
the data form
(See also table 6)
Under-sam | Under-sam- | ¢ Calculate FFT * Bit-timing ref- | ¢ * Enhanced EQ
pled pled wave- and create his- erence and scope
Sequential | form —of | togram Selden-Pit
; ) " * Isolate PJ from are already
time analy- | residual jit- -
. RJ applied
S'S, 9n ter . f“?m * Remove PJ * Broadband
residual jit- | specific sig- (remaing spec- BUJ is not
ter  from | naledgesin | trym contains present
specific a repeating | the RJ) « No important
signal pattern * Intgrate to pro- information is
edges duce the RJ lost by the
value aliasing of
» Deconvolve RJ high fregency
from the uncor- components
related histo- * Noise floor is
gram to Gaussian
determine
spectral peaks
in the BUJ
* Create com-
posite PDF
and integrate
into CDF
Statistical Repetitive » Extract means | e Sufficient * Any components | ¢ TIA (markerless,
bin analy- | measures and variances fhumber of of CDF prepara- pattern marker)
sis of jitterftime for blqs; pattern repeti- tion ( « Enhanced EQ
. - DDJis tions or aver- peak-to-peak DJ, scope (for corre-
intervals per . ;
) peak-to-peak aging for frequency con- lated DJ portion
each Ul bin of means! statistical rel- tent, PJ terms, only - requires
of pattern apply"SW evance etc.) Golden PLL during
Golden PLL * Noise flooris | ¢ Info onrun data acquisition)
 Fopvariances, Gaussianand lengths, transi- e Uncommonmly, RT
interpolate uncorrelated tion density, etc. scope
missing signal e PJ terms are » Can isolate DCD
edges, calcu- not correlated | « Cannot recon-
late FFT, apply |  Broadband struct complex PJ
spectral power crosstalk in tones (no vector
density analy- the mea- phase informa-
sis sured signal tion)
» Convolve may affectthe
DJ*RJ terms validity of the
* Integrate into CDF
CDF
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Table 5 - Comparison of basic data forms and analysis methods (Sheet 3 of 3)

Analysis Data form Processing to Assumptions Other potential Instrument types
method prepare CDF & comments information (level described in this
2) from data form document that are
capable of creating
the data form
(See also table 6)

Spectral RF  power | * This method « Sufficient » Canisolate mag- | ¢ RT scope (with
power den- | spectrum can analyze number of nitudes of certain post processing)
Sty —analy- wheerrelated patterrrepett features-with HA-rrarkeress;
sis jitter but not tions for sta- restricted data pattern marker)
DDJ so cannot tistical patterns such as ¢ RF spectrum ana-
develop a com- relevance square waves lyzer (with postpro-
plete CDF by « Jitter is the » Cannot recon- cessing)
itself only variation struct DDJ or
* Apply SW (no signal complex PJ tones
Golden PLL level noise) (no vector phase
* Isolate PJ from | ¢ Noise floor is information)
RJ Gaussianand

uncorrelated
e PJterms are
not correlated

Listing of an analysis method or an instrument type in table 5 or.in.table 6 does not imply that ever
method or instrument of that category is capable of delivering‘the required signal quality measure
ments. Specialized hardware and/or software may be required to extract the desired signal qualit
properties. Users are strongly cautioned to verify that the entire hardware / software combination
delivers the accuracy required.

9.1.5 Organization of the document relating<to-'material introduced in clause 9.
The details for the data forms and data analysis methods are given in the description for the different signg
quality measurement methodologies in clause 10. The best fit of the tails method is described in 9.2 sinc
it does not apply to any specific measurement'methodology. The details of the ‘jitter frequency spectrun
derived from FFT of time domain measurements on repeating patterns method’ differs somewhat betwee
measurement methods and these details are embedded along with the specific measurement method
documented in clause 10. Some general properties of this method are described in 9.3.

===

9.2 Best fit of tails of histegrams

9.2.1 Introduction

The starting point fer, this method is a PDF or histogram of the signal at the signal level of interest. Thi
technigue uses the-basic assumption that only the tails of the jitter distribution are truly Gaussian an
unbounded and-that all other sources are bounded and deterministic. The attributes of this scheme ar
shown in figure 40.

o0

In this‘approach, the magnitudes of the Gaussian functions are also variable and fittable, not just mea
andssigma (in contrast, the level 1 dual-Dirac calculation described in clause 8 freezes the magnitudes).

=

This best fit of tails method only fits the entire Gaussian function in the tail regions at/below the measured

DJ ceiling. That is, the Gaussian magnitudes are reduced to match the DJ magnitudes at u* and p.
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In this approach, a jitter histogram is collected by any means (sampling scope, time interval analyze
BERT, etc.). If a BERT is used the PDF is produced by differentiating.the CDF from the BERT. Alternatively
tail fitting in the CDF domain directly may be used. In this case, fitting assumes integrated Gaussian PDF
for the tail regions. The best-fit Gaussian PDF distributions/for each tail are then determined. Thes
Gaussian distributions are characterized by their respective’means and standard deviations: pu*, u’, ¢*, c].
The total jitter histogram is assumed to be the convolution*of some deterministic jitter distribution (tailless
with the left and right Gaussian random components:of jitter. The deterministic component is, in general,
not symmetric -- u* is generally not the same as - These means are measured with respect to the jitte]
timing reference.

The level 2 DJ, RJ ( peak-to-peak) and TJare calculated as follows:

a)

b)

Figure 40 - Histogram of a set of jitter events

— oo~

o

DJ is defined to be the time between u* and p (i.e., u* minus p’). The means of the right an
left Gaussian distributions.may be different. The data patterns defined by FC encoding scheme
do not allow DDJ distributions below approximately 1E-4. DCD is also a very high probabilit
component. If the BUJ is caused by the high speed serial activity on other links then the BU
distribution will alse typically be greater than 1E-6 (possible exception is power supply induce
jitter). If the BUJ'is caused by rare conditions (e.g. lightning) then some DJ distribution may exis
below 1E-6-\Link-induced BUJ in FC is filtered by the loop response of the Golden PLL. Thi
filteringJimits the distribution of BUJ. Separation of the DJ distribution from the TJ distribution i

straightforward because of the wide difference between 10712 and the actual DJ distribution. Othe
encoding schemes (e.g. non 8b/10b) may have lower probability DDJ distributions, LPDDJ, thg
may require additional work to do the separation. See Annex A for more information on alternat
encoding schemes and issues involved with other low-probability DJ distributions.

U — 2T o7

—

1”2

TJ is defined to be the time associated with the CDF - 1E-12 population.

c)

RJ peak-to-peak is defined to be the measured total jitter (TJ) minus the calculated
deterministic peak-to-peak jitter (DJ). TJ is the CDF eye opening and DJ is derived from the
PDF calculation. If the Gaussian contributions constitute most of the total population then RJ

peak-to-peak is approximated by 76" + 75"
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9.2.2 Tail fit jitter analysis method example

9.2.2.1 Jitter separation through tail fit
Figure 41 is a schematic drawing of a jitter histogram in the presence of both DJ and RJ components. The
Gaussian PDFs and the tail part of the distributions are shown.
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Figure 41 - Schematic drawing of the total jitter histogram in the presence of DJ and RJ

RJ is described by a Gaussian function. On the otherhand, the DJ PDF could have many arbitrary formg,
depending on the DJ root cause mechanisms. A single Gaussian jitter histogram dirstribution is defined as:

Equation 9 — Simplified Gaussian histogram

_(t=p)?
W)= Ny 202

where N,o is the count ofievents at the peak of the DJ histogram for each side, t is the jitter, u and ¢ ar¢
the Gaussian mean and standard deviation respectively. N4« depends on the granularity of the histogram.
This is essentially a3 degree curve fit where the parameters for the fit are N4y, L, and o.

Due to the nature that DJ and RJ PDF's interact through convolution and the fact that DJ PDF is bounded
the tail partyof.the total jitter PDF preserves properties of the RJ PDF. Therefore, the tail portion of the tots
jitter PDF>may be used to determine the u (mean) and o (rms) values for RJ Gaussian PDF’s by fitting th
Gaussian function to the measured tail portion of the PDF.

o

Ifthere is no bias and statistical sampling noise in the measurement, the two tails that represent the ran
dom process should be symmetrical. Since the rising and falling edges normally have difference slew

rates, it is not possible to completely randomize measurements and reduce the sampling error to zero, the
c values for the far left and far right Gaussian tails will not be the same in general. The RJ ¢ value should
be the average of these two and DJ is the distance between two peaks of far left and far right Gaussian
tails, namely: oy = (o + og)/2 and DJ = pg - 1, .
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The tail fit algorithm is composed of two parts, one is the tail search that identifies the tail portion of the dis-
tribution. The other is the fitting procedure that fits the Gaussian function to the tail portion of the distribu-
tion. Difficulties encountered are:

a) Statistical fluctuation. The morphology of the fluctuation may have many forms and irregularities
and a rule based artificial intelligence algorithm is needed so that tail search may be automated.

b) Nonlinearity. Since the Gaussian function is nonlinear with regards to its mean and ¢ parameters,
a nonlinear fitting algorithm needs to be used, and it has to be an iterative process.

c) Weighting. Care shall be taken for the lower tail distribution statistics. A weighting function based
on Poisson statistics is used to ensure the accuracy and repeatability of the fitting results.

Tall fit theory was discussed in the MJS ad hoc in 1998 (98-521v0) and was also described in 1999 at/th
IEEE International Testing Conference [32]. A patent, number 6298315, was filed on December 11,199

and was granted by US patent office on October 2"d 2001 [33]. These references contain the details fo
executing the tail fit.

= oD

9.2.2.2 Tail fit accuracy

To study the tail fit accuracy, start with a Gaussian bimodal histogram distribution. The'mean and rms va
ues are known. Ramdon noise generated via the Monte Carlo method is then added to the histogram.
Even when the noise amplitude reaches 15 % of the TJ histogram maximum, thelerror on the fitting param
eter is less than 4 %. In other words, the algorithm is relatively immune to the statistical sampling error. |
short, tail fit error is virtually zero when the distribution is clean and is less than’' 4 % when the distribution i
very “noisy”.

=

Figure 42 shows that tail fit may give very accurate DJ and RJ estimation through Monte Carlo simulation
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Figure 42 - Accuracy simulation for tail fit with a “noisy” total jitter histogram

It has been demonstrated that the tail fit method gives rise to TJ and BER that are consistent with those
obtained through BERT measurement [32].
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9.2.2.3 Tail fit application in serial data communication

Tail fit has been implemented and tested in a commercially available system. The system is typically com-
posed of a clock recovery sub-system, a jitter measurement sub-system and system software that controls

the data acquition and data analysis. A typical measurement set-up is shown in figure 43.

Device/ chi
Ty St JIteT
Measurement
Clock System
Recovery Ch2

Figure 43 - Set-up schematic for jitter output measurepient.

The jitter measurement system produces the jitter event population used te-create the PDF. The devic
output has both DJ and RJ components. The recovered clock provides theyitter timing reference signal fo
the measurement. The jitter measurement system acts as a difference_function. The whole measuremen

system emulates an actual receiver system in a serial communicatien-receiver.

Figure 44 shows an example of a signal and its recovered clock using part of a CRPAT signal waveforn

running at 4,0 Gbit/s.
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Figure 44 - Waveforms of CRPAT data and the recovered bit clock
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9.2.2.4 DJ and RJ measurement (level 2)

DJ and RJ separation is done using the definitions in 9.2.2.1. First the clock to data histograms are mea-
sured for both rising and falling edges. Then the tail fit method is applied to the histograms to obtain DJ
and RJ. Figure 45 shows the signal in figure 44 with tail fits to the rising and falling edges.

12000
Total /\\ DJ = 43,626 ps
RITMTs =746 pS
Ul = 250 ps
Rising
= Falling
5
E 6000
>
o
@]
o \
Tail Fitsxfo
0 (darker curve) ™
140 ps 200 ps 260 |

Jitter referenced to Golden PLL

Figure 45 - Total jitter histogram measured with a Golden PLL clock as the reference

-

The tail fits in figure 45 are optimized for matching in the low population tail regions. Tail fits may not matc
well in the high population regions wherg significant DJ exists - see figure 41.

9.2.2.5 Level 1 CDF measurement
When the DJ and RJ measurement is done, the total jitter histogram has already covered the entire DJ
PDF and the upper part of the RJ PDF. This means that it is possible to determine the entire TJ PDF fung
tion mathematically. A complete TJ PDF provides a solid base for calculating the level 1 CDF required fo
use in clause 8.

=

Figure 46 shows®he level 1 CDF/BER functions and TJ at 10 12 for the signal in figure 44 and figure 45.
This CDF/BER-calculation and TJ determination virtually does not add any overhead to the total measure
ment timesince today’s fast microprocessors require only a matter of micro-seconds to calculate thes
results.

\1%
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Figure 46 - Level 1 CDF “bathtub curve” forthe PDFs in figure 45

9.3 Frequency spectrum method

This method uses repeating data patterns with a real time oscilloscope, an Enhanced EQ scope, a TIA wit
pattern marker or an RF spectrum analyzer. The output is a frequency domain spectrum that may hav
been produced by an FFT. An assumption commaon;to all methods is that all uncorrelated DJ is reveale
via the peaks in the spectrum. If there is any significant broadband BUJ (e.g., cross talk induced jitte
power supply induced jitter, circuit that clips the tails of a Gaussian distribution) or LPDDJ the RJ calculd
tion is affected. In other words, some forms‘ef BUJ may not be distinct from RJ in the frequency domain.
Details are described in 10.3, 10.5 and 20.6.

o=
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10 Signal quality measurement methodologies

10.1 Overview

10.1.1 Non-jitter properties of signal quality

The complete specification of signal quality requires more than the jitter performance at different signal
amplitude levels. Other signal quality properties that may be important for various reasons include tran-
sient behavior, rise time, overshoot, ringing, peak amplitudes and amplitude noise, common mode content,
balance levels in differential signals and other features that are not directly addressed in this document.
See for example the following references:

Standards for Pulse measurements such as Rise Time, Fall Time, Overshoot, Ringing, etc:

a) |EEE Std. 181, 1977 Transitions, Pulses and Related Waveforms [18]
b) IEEE Std. 194, 1977 Pulse Terms and Definitions [19]

Waveform eye diagram measurements using histograms:

c) US Patent 5,343,405; Automated extraction of pulse-parametrics from multi-valued functiong;
Dennis Kucera and Paul Meyers, Tektronix, Inc. Aug. 30, 1994 [37].

Copper cable assemblies:
d) SFF 8410, HSS copper testing and performance requirements [23]

e) SFF-8415, Measurement methodolgy and signal integrity”requirements for high performanc
electrical interconnect (HPEI) [24].

\1%

10.1.2 Overview of jitter related signal quality measurement methods

The signal quality measurement methods relating to jittekaré summarized in table 6 and are documente
in the following portions of clause 10. All of these signalguality measurement methodologies use the jitte]
timing reference specified in [6.8] in one way or another. A goal for clause 10 is to describe signal qualit
measurement methodologies that produce accurate; correlatable results suitable for use for verifying com
pliance test requirements (level 1). Inclusion of a-‘method in this clause does not guarantee that this gog
has been met for that method. Suitable jitterdiming references may not be directly available at Fibre Chan
nel compliance points and some methods-described in this clause were created to address this situation.

= ==

Eight methodologies (3 scope based;-3 TIA based and 2 BERT scan based) for measuring signal qualit
are described in clause 10. The-spectrum analyzer method is described in Annex A. Each measuremerj
approach has its advantages and disadvantages. Table 6 summarizes the status of the measuremen
methods described in this_ document. To date, no comprehensive empirical testing has been conducted t
correlate the jitter outputresults of all the test methods.

O —~+

There are significaft differences in the maturity of the methods. The equivalent time oscilloscope as use
in the early nineti€s was found to be inadequate for high-speed serial data signal evaluation and this wa
one of the mairreasons for starting the MJS effort in 1995. The timeline for introduction of methods to th
MJS ad hog is:

00—

1) 1995 - Simple BERT methods
2) 1996 - TIA methods

3) 2001 - RT scope

4) 2003 - Enhanced EQ scope

This timeline defines the relative maturity of these methods. Work is underway to further understand the
limitations and benefits of all methods. Users should consider that the less mature methods are not as
proven as the more mature methods.


https://standardsiso.com/api/?name=919b236fbe3de22e0f029fc4b1085e92

-90 - TR 14165-117 © ISO/IEC:2007(E)

10.1.3 Accuracy and verification considerations

10.1.3.1 Accuracy
For level 1 CDF outputs it is expected that the following accuracy requirements are met:

Accuracy at CDF = 1E-12 to be within +-0,02 Ul of the expected value with a 3 sigma confidence
on repeated execution of the measurement. For example, if the expected value is 0,26 Ul there
should be no more than 3 results out of 1000 (99,7 %) at 1E-12 that fall out of the 0,24 to 0,28 Ul
range in 1 000 measurements.

In general it is expected that signals have significant amounts of RJ, DCD, DDJ and BUJ where the BUJ is

significantly caused by noise (signal level noise such as crosstalk). The jitter output test is performed under
emulated worst-case operating conditions. For example, to ensure that the jitter output from a duplexin
has the BUJ that will be encountered in service the measurement shall be performed while the adjacen
(same port) receiver is receiving an asynchronous data stream over the +100 ppm frequency range.

—

Although not a requirement in MJSQ it is expected that the DJ consists significantly of both,compensatabl
DJ and uncompensatable DJ. There are also a set of expectations on the waveform prepérties that are ng
defined in this subclause.

A1

—

It is likely that more than one measurement method may be needed for complete‘signal quality evaluation.

10.1.3.2 Verification

10.1.3.2.1 Overview
The task of determining the measurement accuracy and repeatability verification is left to MJSQ-2. How
ever, the following discussion describes two approaches that hate been used or suggested. In both meth
ods there is still development work required to arrive at a transportable verification capability.

10.1.3.2.2 BERT method

A common technique to verify measurement accuracy is to make comparisons to CDF measurement
made with a BERT. The BERT measurements can“be performed directly to low probability levels withou
extrapolation and this property is assumed to remove uncertainty better than other methods. This schem
assumes that the conditions described in [10;1.3.1] for the signal under test are used. Since the detaile
requirements for the signal are not completely specified the conditions for general verification are not com
plete and transportability of results may/ suffer. This method is presently not traceable to internationally reg
ognized standards and the requirements for confidence have not been established. This verificatio
method is useful for determining-how well different jitter measurement methods agree with each other if th
same signal source is used.

T = (D =+ O

o=

I°Z

The actual jitter content of\the signal under test may affect the results. If a standard signal is developed a
described in [10.1.3.2(3]then that is the signal that should be used for this method as well.

10.1.3.2.3 Calibrated signal source method
Another approach is to verify jitter measurements using a signal source with known values of jitter and with
no presupposition of the properties of the measurement method. This is not a trivial engineering problem
as jitter.can be comprised of many different signal types. Thus the ideal jitter source must be capable g
simultaneously producing several types of jitter, each with adjustable magnitudes. This must all be done i
such>a way that the jitter of the signal is known with a high degree of accuracy and the values are trace|
able.

5=

To use this approach a transmitter with adjustable jitter that is traceable to NIST is required. The calibration
of the jitter output from this transmitter is performed as follows:

1) PJis verified through spectral analysis and a Bessel null technique providing jitter levels known
within 1 %.
2) DDJ (dispersion type) is produced using various lengths of copper traces on common backplane
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material. DDJ quantities are determined through S-parameter analysis using precision network
analyzers. DDJ values are known to 1 %

3) DCD is provided through an adjustable pattern generator and verified through oscilloscope
amplitude measurements. DCD values are known to 1 %.

4) RJis produced through an arbitrary waveform generator using random number generators.
Number lengths allow statistical variation to below 1 in a trillion values, thus providing truly random
jitter beyond the typical 1E-12 total jitter values generally measured.

The verification of measurement accuracy is performed by subjecting jitter measurement tools to a large
variety of jitter combinations. Specifically, RJ, DDJ, DCD and PJ are systematically adjusted to low,
medium and high levels (as well as ‘off’). In addition, PJ waveform types are also adjusted. Thus an exten-

sive matrix of jitter conditions are presented to the instruments under test. For example, one signal configr
uration would be to have high RJ, low DDJ, no DCD and medium amplitude triangle wave PJ. Anothe
configuration might be to have low RJ, high DDJ, medium DCD and large sinusoidal PJ. The validity of th
analysis is based upon the quantity of jitter being known and adjustable.

=

1”2

The scheme described above assumes that all BUJ is represented by the PJ. There is ng provision for no
periodic BUJ. This method as described does not completely verify the accuracy of measurement method
intended for use on signals that contain non periodic BUJ. If such a non-periodic BUJ property were adde
a more complete signal would result. Also other signal properties such as amplitude and rise/fall time nee
to be standardized and added to the signal source before a truly transportable standard signal woul
result.

| = = = = v p—

10.1.4 Summary of signal quality measurement methods
Table 6 lists a summary of the signal quality measurement method d€scribed in this document.

—F

Listing of an acquisition method in table 5 or in table 6 daes hot imply that every instrument of tha
category is capable of delivering the required signal quality measurements. Specialized hardwar
and/or software may be required to extract the desired{signal quality properties. Users are strongl
cautioned to verify that the entire hardware / software combination delivers the accuracy required

1%

Table 6 - Signal quality measurement method summary comparison (Sheet 1 of 4)

Acquisition Acquisition Primary out- | Attributes Alternate
HW , requirements put data output data
method. and form forms
subclause

Conven- * HW-Golden » Time-based | Advantages NA

tional EQ PLL PDF of » Familiar and provides good

scope eye many jitter qualitative information on jit-

histogram, events ter

[10.2] * Includes time and signal

level information

 No restrictions on pattern

Disadvantages

« Difficult to meet require-
ments for accurate analysis
in any reasonable test time.
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Table 6 - Signal quality measurement method summary comparison (Sheet 2 of 4)

Acquisition
HW ,
method. and
subclause

Acquisition
requirements

Primary out-
put data
form

Attributes

Alternate
output data
forms

Basic BERT,
[10.4.1]

* Known pattern

repetition (chal-
lenged by fill
words)

* Time-based
CDF of
many errors

Advantages

* Emulates the receiver fun-
tion in figure 25

« Little restriction on pattern

NA

HYW-Gotden

PLL

fergth

« Examines every bit in the
data pattern for fastest
exposure to all existing
errors events

« Can scan any direction in
eye to get full eye contour

* Level 2 information with
analysis of error free inter-
vals, etc.

* Provides pattern information

BERT with
reference
datachannel,
[10.4.4]

« HW Golden

PLL

* No signal

induced errors
in center of the
eye

¢ Time-based
CDF of
many error
events

Advantages

« Emulates thé receiver fun-
tion in figure’25

« No restrictions on pattern

< Examines every bit in the
data pattern for fastest
exposure to all existing
errors events

< Can scan any direction in
eye to get full eye contour

« Level 2 information with
analysis of error free inter-
vals, etc.

* Provides pattern information

NA

TIA no clock,
no marker,
[10.5]

 Time-based
PDF of
many jitter
events

Advantages

* No clock required

* No trigger jitter

 No restrictions on pattern

» Can measure across the
entire eye to get full eye
contour

Disadvantages

* May be less accurate than
other TIA methods for the
same data acquisition time

 Spectral
power den-
sity (all com-
ponents)

TIA bit clock.
[10.5]

« HW Golden

PLL

* Time-based
PDF of

Advantages
 No restrictions on pattern

NA

many Jier
events

* Emulates the receiver func-
tion in figure 27 as in a typi-
cal receiver

« Can measure across the
entire eye to get full eye
contour
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Table 6 - Signal quality measurement method summary comparison (Sheet 3 of 4)

« Validity of interpolation of
the waveform may be com-
promised in the presence of
noise higher than the
Nyquist frequency of the
signal under test

Acquisition Acquisition Primary out- | Attributes Alternate
HW , requirements put data output data
method. and form forms
subclause
TIA pattern * HW Pattern * Repetitive Advantages  Spectral
marker, marker measures of | < No trigger jitter power den-
[10.5] * Repetitive pat- jitter/time  Provides accurate separa- sity (uncor-
tern (requires intervals per tion of DDJ releated
edgecounting pereact St~ Provides patterminformationrT—compo-
or other meth- bin of pat- » Can measure across the nents)
ods to deal with | tern entire eye to get full eye
fill words) contour
RT scope, « Known length « Single shot Advantages « Time-based
[10.6] repetitive pat- over sam- < No clock required, no trigger |~PDF of
tern (requires pled (sam- jitter many jitter
special han- pling rate * SW Golden PLL events
dling for fill greater that | < Provides pulse shape infor- |* Repetitive
words) the Nyquist mation. measures of
* Max pattern rate of the e Can re-analyze at'different jitter/time
length limited to | signal under thresholds withnsame acqui- | intervals per
215 pits test) wave- sition per each Ul
form of mul- | ¢« Can scan.i’any direction in bin of pat-
tiple pattern eye to get full eye contour. tern
repetitions  Proyides pattern information |+ Spectral
Disadvantages power den-
« Lower front end bandwidth sity (all com-
than ET scopes ponents)
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Table 6 - Signal quality measurement method summary comparison (Sheet 4 of 4)

test patterns
required toisoe-
late uncorre-
latedfrom
correlated jitter
terms

quency peaks to isolate
deterministic and random
noise sources.

Disadvantages

 Level 2 only

< Not intuitive for digital
designers who operate in
the time domain

< No vector phase information
(cannot reconstruct DDJ
and complex PJ)

Acquisition Acquisition Primary out- | Attributes Alternate
HW , requirements put data output data
method. and form forms
subclause
Enhanced * HW Golden * Full wave- Advantages NA
EQ scope, PLL form with * Common lab instrument for
[10.3] * Requires a residualjitter general waveform analysis
known repeat- included  Targeted data acquistion for
My pattern ftterismuctrmoreefficiernt
(requires no than conventional EQ scope
change in fill » Low intrinsic jitter
word popula-  Very wide bandwidth/data
tion) rate range
* Max pattern Disadvantages
length limited to » Requires a model mapped
215 pitg to each signal edge for sig-
« Uncorrelated jit- nal level to time conversion=
ter does not the conversion is compro=
exceed rise/fall mised if uncorrelated noise
times changes the shape-of the
edge
* A tradeoff is‘\made between
accuracy and the number of
edge models used
« Identification of frequency
components and aliasing
Issues is a current develop-
ment topic
RF spectrum | Jitter is the only |¢ RF powet Advantages NA
analyzer variation (no spectrim * No clock required
Annex A amplitude (all ecoampo- * No trigger jitter
noise) nents » Good tool for diagnostics
e Square wave present) due to ease of spotting fre-

0 2—Equivatenttime oscittostope methods

10.2.1

Introduction

Although there are a number of different implementations of sampling technology, today's digital oscillo-
scopes utilize only two basic sampling methods: Real-Time (RT) sampling described in [10.6] and Equiva-
lent Time (ET) sampling described in [10.2][]. Equivalent Time sampling may be divided further into two
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sub-categories: asychronous and sequential. Each method has distinct advantages depending on the kind
of measurements being made.

Real-Time Oscilloscopes are digital oscilloscopes that are capable of performing RT sampling, although
they are frequently capable of performing ET sampling as well. Sampling Oscilloscopes are only capable
of performing ET sampling, although typically at much higher signal bandwidths than for real-time oscillo-
scopes.

The following subclauses discuss each of the sampling methods in greater detail.

10.2.2 Equivalent time sampling

10.2.2.1 Overview
When a clock or data signal is repetitive, equivalent time digitizers may take advantage of this property.
Samples may be acquired over many repetitions (trigger events) of the signal, with one or more sampleg
taken on each repetition. This allows the oscilloscope to accurately capture signals whose frequency com
ponents are much higher than the scope's sample rate. Typically many bits, even many repetitions of th
data pattern, may occur between samples.

\1%

There are two types of equivalent time sampling methods in use today, asychroneus equivalent time sam
pling and sequential equivalent time sampling. Asychronous equivalent time safnpling is sometimes calle
random’ equivalent time sampling in oscilloscope literature but the word 'random’ means Gaussian in thi
document. Asychronous equivalent time sampling allows display of thedinput signal prior to the trigge
point, without the use of a delay line. Sequential equivalent time sampling provides much greater time reg
olution and accuracy. Both require that the input signal be repetitive!

= o

Informative documents further describing oscilloscope sampling theory are:

a) Tektronix, Sampling oscilloscope techniques, Technique primer 47W-7209 [42].
b) IEEE Std 1057-1994 “IEEE Standard for Digitizing Waveform Recorders” [17].

Equivalent time sampling is often used in an oscilleséope to display a waveform eye diagram similar to that
in figure 50.

Equivalent time techniques rely on a trigger event for its time reference. Many oscilloscopes have an inter
nal clock recovery feature, where the Galden PLL as described in this document is implemented as part d
the trigger system. This allows the gseilloscope to properly display the data signal without need for a sepa
rate timing reference. Alternatively;an external Golden PLL may be introduced as shown in figure 47. Th
accuracy of the measurement is-always dependent on the jitter noise floor of the trigger system whethg
the Golden PLL is internal orexternal.

—

=T

=
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Figure 47 - Time domain jitter output test (Golden PLL)

10.2.2.2 Asychronous equivalent time sampling
Asynchronous equivalent time sampling uses an internal clock that runs asynchronously to the input signa
and to the signal trigger (‘T" in figure 48). Samples are taken as fast as possible; ‘itdependent of the trigge
position and are displayed based on the difference between the sample and the signal trigger times. Th
samples are taken sequentially but are not sequential with respect to the signal trigger.

o

=

The asychronous ET technique is often used to display waveform-eye diagrams. Figure 48 shows a
example of an asynchronous equivalent time data acquisition. In figure 48 the waveform shown is actuall
a very slow signal where many samples are possible in the sameé bit. For high-speed serial data stream
each sampled point is actually many bits or many data pattern repeats apart in time. If triggering i
adjusted on a repeating high-speed waveform such that 7 is at the same point in the pattern, ET oscillo
scopes may display a signal similar to that shown in figure 48. See 10.2.4 for more details. “Real tim
oscilloscopes” typically support both asychronous ET<mode and real time (RT) sampling, see [10.6].

T OO

Waveform Constructed
with Record Points

1st Trigger Event |_| |_| |_| |_|_
2" Tfigger Event |—| |_| |_|

3 Trigger Event _I_l |_| |_| |_|_
nt" Trigger Event _|_| |_| |_|

Figure 48 - Asychronous ET sampling

10.2.2.3 Sequential equivalent time sampling

The sequential ET technique is often used in “Sampling Oscilloscope” architectures to display waveform
eye diagrams. Figure 49 shows this technique.
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This method acquires one sample per signal trigger, independent of the time division setting. When a sig-
nal trigger is detected, a sample is taken after a very short, but well defined, delay. When the oscilloscope
next experiences a signal trigger, a small time increment is added to the most recently used sample delay
and another sample is taken. This process is repeated for four samples as shown in Figure 49. The pro-
cess is repeated until a target number (N) of waveforms is acquired to fill the time window.

Waveform Constructed T
with Record Points

1st Triaaar Event
+==—+Hgged e+

2"d Trigger Event |_|

3d Trigger Event |_|

nt" Trigger Event |_|

Figure 49 - Sequential ET sampling

10.2.3 Waveform eye mask measurements

Equivalent time measurement uses the high-speed sampling scopes to view the waveform eye. Mos
high-speed sampling scopes today provides features to collect and present data on the output jitter. Som
oscilloscopes provide a feature to compare the measured.data to a “waveform eye mask.” A waveform ey
mask is a specification for allowed eye opening for thé.waveforms (not the same as the jitter eye mas

where the 1012 CDF level forms the mask boundary).“The advantage of an waveform eye mask is that it
tests for amplitude as well as some types of timingccompliance. Figure 50 shows a graphical representa
tion of a waveform eye pattern and the inner portion of a waveform eye mask used for testing for compl
ance to waveform properties. A complete wayeform eye mask would include high and low limits not shown
in Figure 50.

O

Amplitude

X1 Unit Interval 1-X1

Figure 50 - Waveform eye mask

The waveform characteristics are specified in the form of a transmitter waveform eye mask at any of the
interoperability points. Properties of waveforms that may cause waveform eye mask violations include
noise, jitter, rise time, fall time, pulse overshoot, pulse undershoot and ringing. Detailed observation of
some of these waveform properties may be made using the methods described in 10.2.4 . For the pur-
pose of an assessment of the signal, it is important to not only consider the eye opening, but also the peak
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excursions. The parameters specifying the mask may be found in the clause of the applicable physical
layer specification.

An informative document describing the test procedure for measuring optical eyes may the found in the fol-
lowing reference:

TIA/EIA-526-4 OFSTP-4A “Optical Eye Pattern Measurement Procedure” [3]

The waveform eye mask is valid when a worst case data pattern is used to establish a worst case data
dependent jitter for the eye diagram measurement.

FC-PH-n defines the low pass filter to be used when measuring optical waveforms (in addition to-th
golden PLL required by MJSQ). An optical waveform eye measurement usually assumes that a-fourt
order Bessel-Thomson filter is used for the low-pass filter with a filter bandwidth of 0,75*baud (for 1,062
GBd, 0,75*1,062 5 GHz = 797 MHz). For the optical waveform eye, the Bessel-Thomson filter is ‘used i
order to approximate the filter characteristics of the link optical receiver, thus filtering any high*frequenc
ringing of the optical waveform that would not be transferred through the link receiveri{An addition, th
Bessel-Thomson filter is a linear phase filter (i.e., phase proportional to frequency ever the frequenc
reange of interest) and thus does not introduce additional jitter while filtering the high frequencies. Measun
ing copper signals presently has no similar requirement for low pass filters.

= Or=—
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It is strongly advised not to use the waveform eye mask to verify that total jitter is within specificatio
because of the nature of the test. The waveform eye mask test is generally(a short test and thus the wave
form eye diagram is not captured for a sufficient time to capture theyfull extent of the random jitter’
peak-to-peak value. It is necessary to capture the waveform eye pattern for a sufficient period to ensur
that the full extent of the deterministic jitter is captured by the testinstrument. Further, it is required to con
vert to CDF form and to use the calculations in clause 8 to perform compliance tests. The waveform ey
mask test produces PDF results if a histogram is used for thie\population at the signal level of interest.

T DO
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10.2.4 Repeated pattern measurement using an equivalent time oscilloscope

High-speed
Sampling Scope

SERDES
Spiiter ompu || ML

ny

OTrigger

Asynchronous
FC DATA

Figure-51='Repeated pattern measurements using a sampling oscilloscope

This level 2 method is based on using the same part of a repeating data pattern for the timing referenc
and a sequential equivalent time oscilloscope. See 10.2.2.3 . There are two ways available to trigger th
oscilloscepe: pattern marker and direct signal edge triggering. The pattern marker is derived from the log
cal content of the data stream where only specific, identical portions of the data stream are examined. Th
directsignal edge triggering method described in this subclause requires a short repeating bit sequenc
and an analog trigger adjustment so that the same edge in the pattern is used as the timing reference.

T (0D

O

This method is valuable for determining waveform properties from high-speed signals. The method is not
suitable for jitter measurements because

a) itdoes not use a Golden PLL,
b) it does not allow adequate population for accurate RJ and TJ measurement.


https://standardsiso.com/api/?name=919b236fbe3de22e0f029fc4b1085e92

TR 14165-117 © ISO/IEC:2007(E) -99 -

The waveform used for the measurement is repetitive over a sufficiently small number of bit periods to
allow the entire run length to be displayed. In practice this means not more than 40 bit periods. The pattern
also repeats such that it is both continuous and contiguous.

The Fibre Channel LIP F7 primitive is a good choice being comprised of K28.5, D21.0 (in following the
K28.5 gives an 8 bit time sequence of 01010101), D24.7 and D23.7. This pattern, or a similar one, is also
typically the default output by an FC device that is unconnected to any other FC device.

The measurement is set up by adjusting the timebase of the ‘scope until not less than 40 bit times are dis-

played, then adjust the trigger hold-off of the scope until the four byte pattern ‘freezes'’. When this occurs,
then the scope is. friggnring from the same. nrlgn inthe four h\]/rn seguence If n\/nrnging is-then :alr_\plinrl’ th

time delay to the crossing of zero differential voltage of each edge may then be measured, as any_jitter
(both random and deterministic) not synchronous with the 40-bit repeating pattern has been ‘removed’ by

the averaging.2 Use a window or delayed trace to increase the resolution of the measurementq Once th
data has been collected, it may be analyzed as follows:

1) From the time between the average position of the first measured edge and the @verage position
of the same edge 40 bit periods away the mean bit time t,,, may be calculated.

2) Using t, the time that each edge would have crossed if no correlated jitter had been present may

be calculated. The difference between the edge time exclusive of correlated jitter and the actual

average time for each crossing may then be calculated. This difference is the correlated jitter for

that crossing.
Beyond these correlated jitter results, each edge may be displayedin turn, at increased resolution b
using a window or delayed trace. The scope is then set up to measute’ (in statistical mode) the ‘crossing
point’ of each edge, including the first edge of the second sequence and also the jitter (peak-to-peak
present on each edge with respect to the average position of the ‘edge. This represents the statistical diffe
ence of the residual jitter (both random and uncorrelated detetministic) on the displayed edge and the prig
data edge used for the trigger. As such, histograms of thesejitter components may be analyzed using th
technique outlined in 10.5.4.3. Since the range of bit periods covered is relatively small, detection of th
frequency spectra of this jitter (see 10.5.5) is limited t6;those components above about 25 MHz to 50 MHZ.
Residual jitter measured this way does not contaip'the required Golden PLL effects.

o=

10.3 Enhanced equivalent time oscilloscope

10.3.1 Overview
Enhanced EQ scope methods use«the“same basic data acquistion methods used in ordinary equivalen
time sampling oscilloscope methods (see 10.2.2 ) including the hardware Golden PLL. The Enhance
EQ scope measures every edge in the pattern with a fixed internal scope delay that minimizes any auto
correlation effect from the Golden PLL. The effective sampling efficiency of the equivalent time sampling
oscilloscope may be significantly enhanced for jitter analysis by focusing the waveform samples only o
the ideal (zero jitter) edge’location rather than on a complete reconstruction of a waveform edge to detert
mine edge placement.- An enabler to increased measurement efficiency is a transfer function that allow
the signal level measured with any single sample taken from a known edge in a data pattern to be directl
translated to_a-time jitter value. This transfer function is achieved by generating models that apply to th
specific signaledges in a repeating data pattern.

1 ==r—
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If the time of the sampling is set up to take place at the middle of the ideal edge (e.qg., zero volts for a diffe
ential’NRZ signal) an early arriving signal has a signal level above the middle at the sampling time, while

1=

1. Some scopes have the ability to trigger after ‘n’ instances of some condition such as zero cross-
ings. In this case set the number of instances to the number of falling edge zero crossings, (or
rising edges depending on trigger polarity setting) contained within the 40 bit time pattern. (For
the LIP F7 nis 11).

2. Some scopes have a statistical measurement mode that averages in time. This is a better alter-
native than typical waveform averaging that is done by voltage.
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late arriving edge has an signal level below the middle level at the sampling time. This is essentially a
direct measurement of the signal level noise at a specified time, as shown in figure 10.

To determine the amount of time jitter on the edge where the sample was taken, one must know the signal
level versus time shape of the nominal signal edge in figure 10. This shape is effectively a signal
level-to-jitter transfer function - or a model of the edge. Once the edge is modelled, every sample that is
taken along that same edge in the data pattern yields a time jitter measurement, as long as the edge has
the assumed shape when the sample is taken.

A pattern measurement consists of many repetitions of the pattern where each repetition produces at most
a single data point and every edge in the pattern is measured multiple times to get a population distribution

for each edge. Uncorrelated jitter is measured from a single edge in the pattern.

Uncorrelated jitter cannot exceed the rise and fall times for the signal. Correlated jitter does not have thi
limitation because the instrument has determined where the nominal edge position is in the "setup” an
afterwards positions the edge model and all subsequent measurements at that point. Thishallows corrg
lated jitter (DDJ and DCD) to be much larger than the rise and fall times for the signal.

o0

10.3.2 Signal edge models
Two types of edge models are considered - single-edge models and composite-edge models. Single edgé¢
models are used in uncorrelated jitter measurements while the composite edge.models are used for datq
dependent jitter measurements. A single-edge model is constructed by taking samples across the entir¢
span of one edge. A mathematical function is constructed that delivers'the best fit, in a least squares
sense, to the sampled data. A composite-edge model is very similar, except the samples used to construgt
the model are taken from multiple edges.

A single-edge model is used to describe the signal level-to-jitter characteristics of a specific edge of a pat
tern. Composite-edge models are composed of many points.and are used to describe the signal level-to-jit
ter characteristics of a class of edges. The shape of an edge may be dependent upon the preceding bitg.
For example, if the 'memory' lasts for only three or four bits, there are several classes or groups of edg
shapes possible. A class is defined by two factors ~rising versus falling and the number of preceding bits.
For example, '00001' is one class of rising edge and'00101" is another. Similarly, '11110' is one class of fal
ing edge and '11010' is another. Consequently, many edge classes are defined - both rising and falling.
The number of classes required for an accurate measurement depends on the data pattern, the encoding
scheme used, the channel dispersion, a.c."coupling, reflections and other factors that affect ISI.

\1%

There is some measurement time everhead associated with generating edge models for the several edg
classes. However, consider that once the models have been generated, from that point forward almog
every sample obtained provides a jitter value resulting in significant measurement efficiency.

\172
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10.3.3 Periodic jitter_frequency analysis beyond the Nyquist rate
ET scopes sample rates are below 1 MHz (e.g., 40 KSa/s for some Enhanced EQ scope instruments) an
are therefore subject’to Nyquist considerations for the high-speed signals of interest to MJSQ. According
to Nyquist, for@-40 KSa/s rate jitter frequencies above 20 kHz will be aliased (power levels are accuratel
identified, byt without bandwidth limiting the frequency values are ambiguous).

o

To imprave on the results available from a single sampling rate one may take advantage of the ET oscillg
scope'sability to alter the sampling rate. By measuring with the sample rate altered by a known amount a
unigue ‘aliased’ spectrum may be created. This allows better resolution than the single sampling rate con
dition assumed in the Nyquist criteria. Only those frequencies that produce the peaks observed for both (0

=

g mottipticity of ) samptimg Tates are vatid(thesignat did ot thangeso- theactuat-frequerncy comtert it
signal did not change). Comparing spectra from different (known) sample rates allows proper identification
of the frequency associated with the spectral peaks observed.

Limitations still exist similar to isolating the random from the periodic spectra
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a) very low power harmonics/spectra of a periodic signal can be difficult to isolate from noise
spectrum,
b) range of this approach is limited to jitter spectra from about 10 Hz to bit rate/4.

10.3.4 General process for extracting the CDF

10.3.4.1 Overview

The process to determine the time jitter CDF that may be used for extracting the level 1 DJ and TJ as
described in clause 8 is achieved by extracting a level 2 RJ and a level 2 DJ to accurately reconstruct the
level 2 TJ used in the Enhanced EQ scope method.

A pattern trigger is required (commonly derived internally within the instrument). The pattern triggen.i
determined by dividing the trigger clock input by the pattern length. The pattern trigger is manipulated t
execute the edge modelling process within the pattern. Samples are acquired only on the edges and con
verted directly to jitter values.

o0

The level 2 jitter separation methodology approaches the task by independently targeting.the jitter that i
correlated to the data pattern and the jitter that is uncorrelated from the data pattern. The.Correlated jitter i
by definition the data dependent jitter (DDJ) and the duty cycle distortion jitter (DCD)."The uncorrelated jit
ter is made up of random jitter (RJ) and uncorrelated deterministic jitter (BUJ). (See [7.2]).

oo

10.3.4.2 Correlated Jitter

Averaging is used to isolate the DDJ and DCD. Averaging eliminates the uncorrelated elements. The jitte
that remains is that correlated to the data pattern - the DDJ and DCD-Eomposite-edge modeling is used i
order to maintain maximum sampling efficiency, as each edge in the pattern must be measured in order t
characterize the DDJ + DCD. The pattern trigger is "walked" through the pattern and samples are take
from every edge. The composite-edge model associated with«ach edge's class is used to translate eac
signal level measurement into a jitter measurement.

= B = p— ¥

The jitter on edges is segregated for the rising edges.and the falling edges. A probability distribution fung
tion (PDF) histogram is created for both the jitter of;the rising edges and the jitter of the falling edges a
well as a jitter histogram of all edges. The DDJ*+ DCD is given by the peak-to-peak spread of the histo
gram of all edges. It is the arrival time difference between the earliest arriving edge and the latest arriving
edge. Asuming that the DDJ consists entitely of jitter from ISI mechanisms then the jitter induced b
inter-symbol interference (I1Sl) is given by the peak-to-peak spread of the histogram of rising edges or of
the histogram of the falling edges, whichever is greater. Duty cycle distortion (DCD) is given by the differ
ence between the mean of the risidigredge positions and the mean of the falling edge positions.

o

10.3.4.3 Uncorrelated dJitter
The mechanism for determining the uncorrelated jitter, also called residual jitter (RJ and uncorrelated DJ
consisting of added PJ, crosstalk and power-supply noise - see [7.2.3] and [7.2.3.4] ), takes advantage d
the fact that any edge taken in isolation has no knowledge of the pattern dependent elements that affect if.
Its deviation aboutits mean position is totally dictated by the uncorrelated elements. For each data acquisi
tion cycle targeted at uncorrelated jitter, the oscilloscope acquires all of its samples on a specific edg
within the pattern, thus all pattern dependent jitter is removed from this data. A single-edge model is use
and samples are taken specifically at the edge. The edge model technique is used to efficiently conver
signalilevel samples to jitter values. Subsequent acquisitions are taken from other edges in the pattern, by
eachindividual acquisition record uses data from a single edge. Data from all acquisitions is accumulate
in a histogram.

=
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The pattern trigger is controlled such that the sampling interval is very precise and consistent sam-
ple-to-sample. The result is that the samples are taken in a highly periodic fashion. This allows the jitter
values to be transformed into the frequency domain using a fast Fourier transform (FFT). This results in the
spectrum of the jitter that is uncorrelated from the data pattern, that includes the RJ and uncorrelated DJ.
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If there is no broadband crosstalk or power supply jitter then the RJ makes up the noise floor of the spec-
trum and the uncorrelated DJ consists of only PJ (that may be partly due to crosstalk and power supply jit-
ter) that shows up as discrete frequency components or line spectra. These PJ line spectra are removed
and a new spectrum is created by using interpolation to fill the 'gaps' left behind by the missing spectral
lines. Under these assumptions the new spectrum is due to the random components of jitter. The RJ is
obtained by integrating the noise floor of this spectrum to determine the root mean squared (RMS) RJ, that
is, the standard deviation of the random jitter distribution. If there is uncorrelated DJ due to broadband
crosstalk or power supply noise present these components may or may not have discrete spectral compo-
nents visible and the attribution of the noise floor to RJ alone may not be valid.

Under the conditions of no broadband crosstalk and no power supply jitter the following process is used to

determine the PJ - the line spectra are not used to determine the PJ. The sample rate of common equiva
lent time oscilloscopes is under 1 MSamples/s. Any jitter spectral content that is above half the samplé.rat
will be aliased. This limits the analysis of the jitter spectrum to that of the noise floor described above an
will not allow the periodic elements to be determined accurately. The PJ is determined by retufning to th
accumulated histogram of the jitter values obtained for the targeted edges. A dual-Dirac delta model i
used to determine the PJ. Under the assumptions of no crosstalk and no power supply jittef the entire D
content for the targeted edge only is PJ. The standard deviation of the RJ distribution is. given by the mea
sured RMS RJ described above. A dual-Dirac delta model is constructed with two idgntical Gaussian distri
butions each defined by the measured RMS RJ value. The separation of the two-Gaussian distributions i
determined through the process described in [10.3.5]. Sufficient population mast exist for the curve fittin
to be accurate. The PJ value is given by the resultant separation between the;means of the two Gaussia
distributions.

00— —C—®

=50

10.3.4.4 Aggregate Deterministic Jitter (DJ)

The process described in [10.3.4.2] and [10.3.4.3] results in specific level 2 values for RJ, PJ, DCD an
DDJ. These contain all the elements of jitter if there is no broadband crosstalk or power supply jitter in th
signal. The task now is to accurately combine these elemehts to produce an aggregate deterministic jitte
(DJ) value and finally a total jitter CDF. So far, probability¢density functions (PDF) have been determine
for the uncorrelated jitter (RJ and PJ) and for the correlated jitter (DDJ and DCD). The DJ value is com
posed of DDJ, DCD and PJ, but it is not a simple sum*of the values, as each is defined by a statistical dig
tribution.

T == (o

To determine the aggregate level 2 DJ, a :méethodology similar to that used to determine the PJ from th
RJ, PJ PDF is used. The RJ, PJ, DCD and"DDJ PDFs are convolved together. The aggregate histogram i
called the total jitter histogram, as it is‘the PDF of all of the measured jitter - both correlated and uncorre
lated - combined in a single histogram. The dual-Dirac model methodology described above for extractin
PJ from the RJ, PJ histogram is applied to the total jitter histogram. The same measured RMS RJ valu
describes the two Gaussian distributions. The same fitting technique may be used. However, as the totg
jitter histogram is the PDFef all jitter elements, the resultant separation is the aggregate level 2 DJ.

T oD
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10.3.5 Level 1 CDF-output

The CDF to be uged-in clause 8 to calculate the level 1 DJ and level 1 TJ is the integration of the total jitte)
histogram (PDE)\described in [10.3.4.4] (i.e., the histogram produced by the convolution of the RJ, PJ,
DCD and DBJ):"This CDF is valid for level 1 use only if it has been determined that there is no broadban
crosstalk or power supply jitter (i.e. if the crosstalk and power supply jitter that is present is independentl
determinéd to consist of only discrete spectral components). Otherwise the results are level 2 only.

=
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Summarizing the process for creating the level 1 CDF:

pattern. Averaging is used to remove uncorrelated jitter.

2) Uncorrelated jitter samples are obtained through the appropriate edge model applied to a single
edge of the pattern. (Once the full pattern has been measured for correlated jitter, subsequent
uncorrelated jitter measurements are taken at a new edge position for each full pattern
measurement. All uncorrelated samples are aggregated).
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3) As above, RJ is obtained by transforming the uncorrelated jitter samples into the frequency
domain, removing spectral lines and integrating the residual spectrum. This allows the standard
deviation of RJ to be determined very accurately.

4) With RJ determined, the CDF for total jitter can be constructed. A total jitter PDF is obtained by
convolving the correlated jitter PDF (measured) with the uncorrelated jitter PDF (measured). A
dual-Dirac model is then constructed based upon the RJ value. The Dirac model is adjusted until
the time positions of the tails of the model match with those of the measured/convolved histogram
(both with normalized densities). The measured histogram 0,1 %/(# transitions in the pattern) tail
population is located and the 0,1 %/(# transitions in the pattern) tail population of the model is
positioned at the same time value. This model of the PDF is then used to extrapolate TJ to low
probabilities and to produce a CDF for the purpose of creating a bathtub curve.

10.4 BERT scan

10.4.1 Basic BERT scan

A BERT scan (or equivalently a BER scan) may be used to characterize the signal as it relates to bit erro
ratio that would exist at that point in the link if a receiver were present at that point in the'link. The BER]
should be clocked by a golden clock recovery circuit that is driven by the signal under test (see figure 52,
The BERT reports the CDF directly at the time being used to sample the data in the BERT receiver. By
scanning the sampling time across the entire bit time, the bathtub curve is genefated. With long measure

ment times, it is possible, but not necessarily convenient, to directly measure-BER as low as 1012, yielding
a direct measurement of total jitter.

I

Device

System |—0O G > BERT
or

Golden
PLL

\i

Figure 52 - BERT Scan‘signal quality measurement

The BERT should run through its automated alignment and synchronization procedures after the equip
ment is set up. Automated alignment’is disabled after these procedures have completed and before th¢
sampling time is scanned through'the eye.

D
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High error rates are observed as the sampling time enters into the crossing region so (re)synchronizatio
should also be disabled'or’set to tolerate very high errors rates. If resynchronization is required, it is bene
ficial that it occur quickly. The resychronization may be required in the presence of high error rates.

To reduce time-required for a BER scan, scanning should start towards the eye crossing where error rate
are high. If atarget such as 10 errors is sought to provide reasonable statistical confidence in any BER
value, thetime required at high error rates will be very short and scanning may be very fast. Scan directio
would, besin a direction toward lower error rates until the ending target value is reached. Step size may b
modified and optimized by evaluating the rate where BER is decreasing as the scan progresses. There i
no\need to begin scanning in the center of the eye where the BER is probably very low and the time to g¢
errors could be lengthy.

— =00

The BERT scan approach, when used in conjunction with the jitter model described in [6.5.6], may provide
random and deterministic jitter components and provides a mechanism to extrapolate to lower bit error
rates (less than 1071°) without impossibly long test times. BERT scan application software has become
available to automate this technique.
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A measured BERT scan bathtub curve is a cumulative probability distribution function. This function may
be smoothed and fitted by a histogram technique as elsewhere described in this document to determine
peak-to-peak total jitter, peak-to-peak deterministic jitter and random jitter or other level 2 functions.

10.4.2 Alternate combined process to extract level 1 DJ and TJ

It is possible to combine the smoothing and fitting functions into one process to determine level 1 jitter val-
ues defined in clause 8 directly. By example, the following method may be used.

1) Form the BER scan results into matrices. The example below shows the sample times for a scan
of the left side of an eye, t; and the corresponding measured bit error rates, MER;.

1,02.10'8
1392 -8

4,91-10
1394,6 ,
1397,3 1,60-10

t:=| 1399,9] MER;:=| 473.10"
14025

116.10°2
1405.2
1407.8 5,50-10 °
2.69.10°

2) Form the equivalent matrices for the right side toobtain t, and MER,.

3) Convert the MER values to equivalent Q values, where Q represents the number of standard
deviations the function value is shifted from the respective peak in the dual-Dirac Effective
cumulative jitter function. Q(MER) may-be obtained in two ways.

Q(MER) = 0,867 9 - 0,707 2 log:(MER) - 0,018 log (MER)? or
Q (MER) = gnorm { (2/tgy)(MER, 0, 1)}
where ty is transition denisity, assumed to typically be 0,5.
The polynomial approximation is optimized between 1E-10 and 1E-5 bit error rates. It assumes a transitio

density of 0,5 andhe dual-Dirac Effective jitter cumulative jitter function. Alternatively, the second equatio
assumes one-has access to an inverse cumulative distribution function, such as Mathcad’s™ “gnorm”,

=

Once the/Q values are determined, they will approximate a straight line with their corresponding t valueg,
such that

Qx(t) = my*t + by where x generically refers to left or right scan sides.
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A normal least squares method may be used to smooth the lines for regression and slopes (my) and off-
sets (by) may be determined for each. Once done, the level 1 (effective) values for DJ and TJ may be
directly calculated. Savg is the RJ value used in the level 1 DJ and TJ calculations.

11
Ox = My Gayg = Mean (cr,cs|)
-b -b
py= — - !
m ma
I 1
Qugt —br Qgt — b
T) = tgt r gt |
my m
or

T =DJ + 2tht6avg
where  Qtgt = 6.839

NOTE 1 This method is mathematically equivalent to the 2-point math used’in clause 8 to determine level 1
effective jitter from any CDF function with some exceptions:

a) The 2-point method given in [8.2] assumes the CDF has already been measured and/or calculated, including
any required smoothing or fitting and that eye width values arecaccurately available at 1E-6 and 1E-12
cumulative probability levels.

b) This method given here allows any number of points edqual to or greater than two. As this method converts
directly from measured BER to Effective jitter values, a'multiplicity of points, including lower BERSs, is advise
to provide more data for smoothing functions to reduce measurement noise and improve accuracy.

c) This method scans each side independently ratherthan measuring the width of the opening (width is the tim
difference between right and left side scan peints’at equal BER).

1=
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If the sampling voltage level is scanned instead of the sampling time, this methodology, including equa
tions, may also be applied to directlysdetermine signal level Q-factor values as required in some opticgl
measurements.

In order to obtain valid RJ, DJ ‘and TJ extrapolations, a number of precautions should be observed. Th
curve fitting should be performed on only a subset of the BER data. The maximum BER of this subse
should be no higher thanyBER= 1/(10*pattern length). Also, this subset should extend over at least
decades of BER values.)For example, for a 2 600 bit pattern, the fit would be done over BER ranging fron
1E-5 to 1E-8. This(ehsures that DDJ does not significantly influence the shape of the curve fit (and th
extracted value Of/RJ.) See also Annex A.
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NOTE 2 Thewninimum value for measured BER is constrained by test time (10 errors are suggested as an absolute
minimumste.get reasonable statistical confidence).

10.43 BERT eye contour measurements

Ithas been assumed up to this point that the BERT decision detection level is at the mean signal level. Th
BERT scan technigue may be extended to produce a family of limiting bathtub curves (see [6.6]) by varyin

\1%

the signal detection level over the range of signal levels and repeating the scans. The scans may be plot-
ted and analyzed according to the method outlined in [6.6] and a jitter eye mask produced.

As discussed in [6.2.5] and in [6.7] it is possible to scan both sampling time and the sampling voltage level
radially from the center of the data eye to develop complete eye contours at varying cumulative probabili-
ties, or to vary the only sampling level to develop vertical “Q factor values”.
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BER. I

Figure 53 - Example of eye contour measurement and waveform eye

10.4.4 BERT with reference channel
If a BERT has two channels, one may be placed to remain in the center of the eye while the other channe
is used to scan the data eye. In this case, bit errors are determined by the instantaneous differenc
between the two readings. This approach eliminates all the following: the need to know the pattern i
advance, the need for a repeating pattern, pattern synchronization, problems with added or deleted fi

words or transmitted errors.

— (D=
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10.5 Time interval analysis

10.5.1 Introduction

Time Interval Analysis (TIA) uses many accurate, single-shot, edge-to-edge time measurements. The sta-
tistics of these measurements may be used to perform jitter calculations. Figure 54 shows an example of a
TIA measurement set up and the basic flow used.

_ _ Time Interval
Signal being measured Analyzer

JEE

SERDES

==
4@
Asynchronous

FC DATA
Variance of T values
for edges n*Ul apartﬁ

AN ANANANANA [
| e ! FreoTuency
(n*U1)

O |nput

Figure 54 - An example of time interval analysis for jitter spectrum output measurement

Random jitter (RJ) and deterministic jitter (DJ) may ®e measured using this technique on repeated pattern
as well as random data streams. From the RJ and-DJ measurements, a bit error ratio (BER), or cumulativ
distribution function (CDF) with sampling timetas the state variable, function may be generated. The totg

jitter at a given BER level (10'12) may then\be determined. There are three methods defined for executing
these measurements:

— o

a) bit clock (level 1);
b) pattern marker (level 1);
c) no clock, no markery\(level 2).

Each method uses the basic TIA methodology, but with different schemes for acquiring the data.

In the first method;the TIA is used with a Golden PLL. Time measurements are made from the recoveregl
reference clockthat has a FC compliance frequency response (i.e., Golden PLL) to the data transitiond.
This methed\emulates the actual receiver operation and thus provides the most accurate jitter compliance
test, with-the low-frequency jitter on the data being tracked by the reference recovered clock.

The 'second method is used to acquire data when a Golden PLL is not available, or, when jitter on just th
data is desired. This method requires a pattern marker to synchronize the jitter measurements relative to
specific location in the pattern. The TIA is capable of extracting the pattern marker from the data based o

=5

a unigue bit sequence or pattern length. Additionally a pattern marker may be used from another source
such as a pattern generator.

The third method operates under a condition where neither a reference clock nor a pattern mark is avail-
able. It may be very useful when a reference clock or pattern marker is not available, such as system level
test. However, the accuracy of this method is not as good as the first two methods.
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The capabilities of a time interval analyzer assumed here are

a) accurate, single shot measurement of time delay between threshold crossings of clock to data or
data to data for a serial data waveform,

b) independent selection of rising or falling edges for the measurement start and stop,

c) ability to specify the number of skipped edges between the measurement start and stop,

d) ability to recover a bit clock with the required frequency response from the input serial data,

e) ability to generate a pattern marker from a repeating serial data pattern.

Equipment with two separate inputs and programmable thresholds may permit effective differential mea-
surements.

10.5.2 Jitter measurements with a “bit clock” (level 1)
In this method, a Golden PLL is required to provide a reference clock derived from the data,stream tp
marker the TIA. This scheme effectively removes low-frequency content from the measured data'in a man
ner similar to that done in a receiver. The configuration used for this option is similar to that of.figure 43 ¢
figure 47. The Golden PLL clock is either generated by an internal CDR or is externally available.

=

The TIA is capable of measuring the time from the data transitions to the reference glock as extracted wit
the Golden PLL. This results in a clock-to-data histogram that describes the jitter occurring on the dat
transitions relative to the reference clock. Random and Determinstic Jitter may be'estimated by using a ta|
fit algorithm as described in [9.2.2]. Figure 55 shows a typical clock-to-data histogram for a communicatio
signal. Note the tail fit curves that represent the fitted Gaussian curves.

>0— 9=

7 OOO Deterministic Jitter: 63.474ps

Random Jitter: 7.782ps
Total Jitter: 169.409ps
Unit Interval: 470.569ps

Total
Rising Edge
Falling Edge

3500 / —A—£Tail Fits

Population

5 \

240 ps 320 ps 400 ps
Time

Figure 55 - Data jitter histogram (PDF) measured and referenced to a bit clock

Figure 56 shows the corresponding BER/CDF function and total jitter TJ at BER = 10712 for the data in fig-
ure 55.
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Figure 56 - BER/CDF function correspondingto-jitter PDF in figure 55

10.5.3 Jitter measurements with a “pattern marker” (level 1)

With a pattern marker scheme the starting point for thesxmeasurement is always at the exact same point i
the pattern. This point is called the pattern marker. The-benefit of having a stable starting point is the distr
bution of measurements (see figure 64) is a more-accurate level 2 separation of the deterministic, periodi
and random jitter components from one another.

The basic setup for this option is shown infigure 57.

L 9P 2 —
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Time
Interval
Analyzer

SERDES

Serial Data

Channel input

Y
External pattern
marker or
generated
internally from
TIA

Arming input

Figure 57 - Measurement setup for “known pattern with marker”

The pattern marker may be generated internally by the TIA based on the identification of a unique b
sequence within the data stream or pattern length of the repeated pattern or externally. No measurement
are made from the pattern marker. All measurements are‘made within the data signal and therefore ther
is no “trigger” error associated with the pattern since itis not used as a reference signal, but rather as a
enabling signal.

= (0=

The high pass filter characteristic of the receivefjitter transfer function implied by the Golden PLL CDR i
applied by using a DSP algorithm thereby eliminating the need for external hardware. All time measure
ments are made from the same reference \edge within the data pattern. This edge is identified by the pat
tern marker. Many measurements are~made of each transition within the data pattern relative to th
reference edge. Histograms for eachitransition are captured from this data.

T O

1”2

An FFT of the autocorrelation algorithm of the variance information from these histograms (the residual jit
ter) is used to estimate the poewer spectrum density (PSD) function and extract PJ magnitude and fre
guency and RJ rms overcertain frequency band. Alternatively, using the tail fit algorithm described i
[9.2.2], RJ may be measured from each of these histograms and this is typically done when there is signif
icant PJ.

=

Correlated jitter(DDJ + DCD) is measured from the histograms of each transition based on the displace]
ment of each histogram mean relative to integer multiples of the measured bit period.

The tatal‘jitter PDF is estimated based on the convolution of the RJ PDF, correlated DJ PDF and the PJ
PDF:Integration of the total jitter PDF produces the level 1 BER/CDF function. This function is used in th
calculations specified in clause 8 to determine the level 1 DJ and TJ.

\1%4

Level 2 outputs from this method include the DJ PDF and the TJ at 1012 estimated based on the CDF.
This level 2 DJ PDF is a measure that does not assume that the DJ PDF is a dual Dirac function.

Note that this scheme, like the others that use an FFT approach, makes the assumption that all the
crosstalk and power supply jitter is captured in the PJ. Any DJ in the form of broadband crosstalk, power
supply jitter, or clipped Gaussian jitter that does not present a defined PJ peak will be lumped with the RJ.
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Similarly, LPDDJ may not be detected accurately. Therefore, it must be independently determined that
there is no significant broadband crosstalk or power supply jitter present and that no significant LPDDJ
exists before using this scheme for level 1 purposes.

A typical data set from this method is shown in figure 58, figure 59 and figure 60.

‘Connect the dots’ plot of the deviation of the average edge time
position (correlated DJ) atthe nominal receiver threshold signal level

30 ps / -

/

Correlated DJ
-

@D
—
=]

e positions in the data patt

al edg
-30 ps _ _

2 457 2472 2 487
Bit number in data padtern

Sig

Figure 58 - Correlated DJ distributiofi/as a function of bit number

7 O PJ[Per+]: 63.027ps

0 550 1100
Frequency (MHz)

Periodic Jitter (PJ) (ps)

Figure 59 - Power spectrum density (PSD) function of PJ and RJ
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Figure 60 - BER/CDF function measured with “known patternwith marker method”

Total jitter (TJ) at BER = 1012 s shown.

This technique works best with the time interval analyzer for {onger patterns, over 20 bits. By using a pat
tern repeat marker along with a repeating FC data pattern(such as RPAT, CJTPAT, K28.5, etc.. . .) the TIA
is able to accurately capture the CDF for the signal.

A level 2 separation of the random jitter (RJ) and deterministic jitter (DJ) is possible. Further separation
DJ into its individual components, periodic jitter,‘duty cycle distortion and/or data dependent jitter is als
possible. As DJ also may contain BUJ thatwis not periodic an assumption for this separation is thg
crosstalk and power supply jitter are either.hot present or are completely described in the PJ content. A
with the Enhanced EQ scope method, broadband crosstalk or power supply jitter may affect the accurac
of the RJ calculation. It is also assumeéd-that LPDDJ is not present. This approach provides a discriming|
tion between jitter types and provides-information on the patterns polarity, run length and transition density

Using a pattern marker and known pattern enables the separation of periodic and DCD+DDJ from th
uncorrelated deterministiccand random jitter components.

1) The delta mean‘of each measurement group of each Ul transition normalized to the nominal Ul
yields the-DJ’'related to the pattern (DCD + DDJ).

2) The autocorrelation function is the complement of the variance function of each measurement
group of each Ul transition. By running an FFT on the autocorrelation function the power spectral
density function of the uncorrelated jitter may be estimated. The periodic and random jitter
components may be determined.

3).vThe DJ as a function of the Ul may be displayed for the entire repeat of the pattern. This shows the
pattern transition density for the pattern being used. This enables the user to see the effects of

— O —h Cal

T < 7

1%

pattern transition density changes on the recovered clock PLL. See, for example, figure 30.
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10.5.4 Jitter measurements with ‘no clock and no marker’ (level 2)

10.5.4.1 Overview
The basic setup for this method is shown in figure 61.

Time
Interval

Analyzer

Serial Data

SERDES Channel input

Figure 61 - Setup for TIA measurement without an extepnaltiming reference signal

This method requires only a data signal. This method needs neither reference clock nor pattern marker t
operate. The methodology uses the bit rate input from the userand measures the data relative to that ideg
time. The tool must therefore make assumptions. The raw output is a set of PDFs based on several differ
ent Ul spacings. This raw output must be processed to include the required Golden PLL effects. The time
takes to obtain necessary raw output for an accuratémeasurement can be very long and that makes thi
method not practical for level 1 CDF results.

— O

UOr—— 1

The reported correlated DJ value is the peak:to-peak value of the mean displacement from ideal from his
tograms at each Ul spacing. This value miay be different from the DJ reported with the pattern marke
method with longer data patterns due tathe likelihood of variations of timing between different starting ref
erence edges. The histograms are composed of rising and falling data and contain a mixture of different b
sequences. The variance record-in-this method contain some DDJ that is not removed by the averaging
The PJ components may be seeh from the FFT of the variance record. RJ is determined from the tail f
algorithm from a number ofdifferent Ul spacings. TJ is calculated and the bathtub curve generated base

=

=+ - —
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on the convolution of the RJ PDF and the correlated DJ PDF. A typical data set from this method is shown
in figure 62 and figure 63..

12 DCD+Ig1 (pk-pk): 19.02pgs
RJ:1.8]ps

TJ: 41 668ps
Bit Rate: 2.5Gbift/s

Both rising and |
falling edges —

Correlated DJ Population
(o]

-0,5 0 0,5
Time (Ul)

Figure 62 - Correlated DJ histogram-tmeasurement

l DCD+ISI [pk-pk): 19.02ps
L [

1E-4 [/
i |
o 1E-8
T
o
O

1E-12

1E-16

0 0,25 0,5 0,75 1.0

Time (UI)

Eigure 63 - BER/CDEFE function measured without an external timing reference
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10.5.4.2 TIA datareduction procedure

The difference between TIA data and the threshold crossings displayed on an oscilloscope is that each TIA
data point is the instantaneous jitter of the second threshold crossing (X,) minus the instantaneous jitter of

the first threshold crossing (X,) plus some integral number of ideal Unit Intervals (n*Ul). That is, each mea-
sured value, T, equals (X5-X1) + n*Ul.

The following list describes the general procedure for acquiring and reducing TIA data:

Data is taken via a TIA instrument skipping various numbers of edges between the start and stop edge
of the measurement. (The selection of starting edge needs to be randomized, since the instrument is

more likely To become ready Tor a new measurement during a long pulse than during a short one. 1 fhis
is not done, the resulting statistics can be biased.).

1*UI 2*Ul '3*UI ... (n-1)*Ul n*Ul

Figure 64 - Histogram of raw TIA data

When the data is collected into a single distribution, as_shown above, a sequence of maxima corre
sponding to the data edge positions is evident. The.data is “binned” according to how many unit inter
vals the datum spans. Hence, each data point,.J5, is now associated with an integer, n;. (As th

measurements get longer and n gets larger, thie individual bin distributions overlap and data may no
longer be separated into bins. This limits theé‘maximum value for n in this approach?.
The exact value of Ul is now determined;as the slope of a linear regression fit of the T; to the n;. (As

check, the intercept value from this linear regression should be zero.)
The histograms for the above n bins may now be combined into a single histogram (shown in figur
65) by defining, Y; = T; - nj*Ul = (X5 - X;);, the difference of the instantaneous jitter of the two edges.

\1%2

=

1%

Figure 65 - Histogram of reduced TIA data
(multiples of Ul removed)

1. More complicated arming capability of the TIA might relax this constraint assuming the equa-
tion is valid. For example, if the start and stop events for the measurements could be specified
as a fixed edge within a K28.5 character, then the bin widths could be 10 Ul wide, rather than
just one Ul.
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A number of different analyses may now be done from this starting point. These are described in the fol-
lowing subclauses.

10.5.4.3 Total jitter calculation
Level 2 DJ and level 2 RJ may be calculated from the histogram of the Y; data following the Gaussian

tail-fitting procedure described in clause 9. Due to the fact that the TIA data is the difference of two jittered
edge crossings (X, - X;), two corrections need to be made.

Second, the value for RJ derived from the Gaussian tail fit is reduced by a factor of 1/sqrt(2). Again, this is
because the calculated value is for the difference of the Gaussian components of X, and X;, two sample

Sets with assumed identical random distributions. The standard deviation of the difference of two identical
Gaussian distributions is sqrt(2) larger than the standard deviation of the individual distributions. The distri
butions are identical in this case because they only differ by integer multiples of Ul in the same measure
ment.

If, however, a data edge to a clock edge from the golden PLL is measured, no correction is_ needed.

Figure 66 shows the combination (convolution indicated by ‘*’) of two independent uniform distributions t
create a triangular distribution and the convolution of Gaussian distributions to create another Gaussia
distribution. In each case, the sigma of the convolution is sqrt(2) larger than the'sigma of the distribution
that were added. For the uniform and triangular distributions, the span covering all but 1012 of the popula
tion is smaller than the peak-to-peak span by negligibly small deltas. Howevet, the delta is less negligibl
for the triangular distribution (10'6) than for the uniform distribution (10'12). In the limit, such additions prg
duce Gaussian distributions (ref: the Central Limit Theorem) where the-tails are infinite and this delta is nd
negligible. The span covering all but 10712 of a Gaussian-distributed population is proportional to the sigm
of the distribution. Sigma increases as sqrt(2) as such distributiofs are added (or subtracted).

T O—=—0O

D—r

W « W —— 2W—P
‘ . \ * | N \ = K :
| | - X .

|G:_> < ‘o= < o= X
w(/l—ZI' ' W2 T :ﬁW/lzl' |
:<-W(l-10'12).>. € W(L-1012 ! 6 o
T at10? ¢ oat 10-12»: <4 2W(1-107) at 10,
)b €| SR I S N T S '

< l4cat 1012 < l4cat 1012 <— 14,26 at 1022

Figure 66 - Background on the 2 versus sqrt (2) issue

10.5:4.4"° Data dependent jitter measurement (level 2)

Data~dependent jitter due to ISI may be measured during transmission of the 8b/10b K28.5 characte
because it contains both the minimum (1 Ul) and maximum (5 UI) run lengths. Because of alternating dig
parity, the repeating pattern is 20 bits long. Cable attenuation (and passibly other effects) produce varia-

=

tions in threshold crossing times (relative to an ideal bit clock).

Figure 67 shows an idealized representation of a portion of two adjacent 8b10b K28.5 characters and an
idealized waveform eye diagram resulting from passing the repeating data pattern through a long cable.
The waveform eye diagram shows all bit times superimposed. Separate rising (falling) traces may be seen
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caused by each of the rising (falling) edges in the pattern. This waveform eye diagram shows about 250 pS
of data dependent jitter.

S

To To T7TgTgTioTi2  T17T18 T19 Too

Figure 67 - Portion of two alternating disparity K28.5 charactefs and resulting waveform eye

\1%2

The T, (n =0,...,20) in figure 67 occur at times n*Ul + X,,, whetfe n*Ul is the ideal edge timing and X,, is th
error (i.e., jitter) for the nth signal edge. The jitter includestboth an uncorrelated component and a correj
lated deterministic component. The uncorrelated component is removed by averaging the population fo
each value of n. The following discussion in this sube¢lause assumes that the uncorrelated component ha
been removed in this way. This leaves the value of X as the position of the correlated jitter for each value @
n. Correlated deterministic jitter (DDJ+DCD) is thie 'max-to-min of the distribution of the X;'s (with all uncor

related jitter removed).

—_ I = 1

The TIA may measure T,,-Tj, for each mand n (m,n=0,...,20). Because the pattern repeats in this case, X
= Xn+20, for any edge, n. A measurement of Tj.og - Ty, (that is, skipping 10 edges between the start an
stop edge) is exactly equal to 20%UJ1. The distribution of X-X;, is theoretically symmetrical and with zer

mean. Each element of the distribution may be viewed as the distance between threshold crossings of tw
of the edges in the eye diagtam in figure 67.

OoO—C— =

Each pair of threshold.crossing times, A and B, is represented exactly twice in the sample data - once a$
A-B and once as BfA) In particular, the latest and earliest crossings produce both the maximum of the dis
tribution (latest\'minus earliest) and the minimum of the distribution (earliest minus latest). Th
peak-to-peakjittér is simply latest minus earliest.

\1%4

Figure 68>shows a possible distribution resulting from a TIA measurement under the conditions described
in this'subclause. In figure 68 a histogram of the means of the jitter values for each data edge in the alten
nating K28.5 pattern is plotted. Note that when plotted in this manner that the peak-to-peak is twice th
numerical value of DJ.

172
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Xn = Xn+20

|« DJ—»{<— DI—>]

Figure 68 - Distribution of jitter measured by TIA

10.5.5 Power density spectrum of jitter (level 2)

This subclause is retained from MJS because of its historical relevance and jtsS.complexity. Other mor
recently developed methods for dealing with power spectrum density may be better and do not require th
the use of the Allan variance.

o

While detailed information on the spectrum of jitter is not needed to vefrify:jitter output specification compl
ance, this data may be quite useful for diagnosing the causes of jitter. The power density spectrum dig
cussed in this subclause relates to the total jitter population, notjust the residual jitter. This means that
correlated DJ has not been removed prior to applying these concepts.

The considerable literature and measurement procedures'for frequency stability may be employed to char
acterize jitter. Several references are the following.

a) “Characterization of Frequency Stability, in Precision Frequency Sources”, Jacques Rutman et al,
Proceedings of the IEEE, vol 79, number 6, pages 952-960, June 1991. [27]

b) “Characterization of Frequency. Stability: Frequency-Domain Estimation of Stability Measures]|,
Donald B. Percival, P. IEEE, vol-79, number 6, pages 961-972, June 1991 [28].

c) “Statistics of Time and Frequency Data Analysis”, David W. Allan et al, Chapter 8 of “Time and
Frequency: Theory and’Fundamentals”, NBS Monograph 140, May 1974 [29].

The area in this body of literature that seems most suited to being adapted for use with TIA measurements
is the Allan variance.shewn in equation 10:

Equation 10 ~Alan variance

5 (%=X

(X% = (X,Xy)

64(T)

var(X) — Ry(1)

The first equality in equation 10 is the definition of the simplest form of Allan variance, but using the edge
position, X, rather than the first backward difference of X (a measure of frequency) that is standard in the
definition. The variable, 1, is the time delay between the ideal threshold crossings, n*Ul and ny*Ul. t is
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then (ny-ny)*Ul, so the Allan variance may be viewed as sz(n), that is, a function of the number of Ul
between edges, n=n;-n,. The < > brackets indicate a (theoretically infinite) time average.

The second line in equation 10 is simple algebra, but may create difficulty if the measured data is not fil-
tered, since X is, in general, not stationary (the variance is infinite due to the wander of the transmitting fre-
quency source). The motivation for this form is that the second term, <X1X2>, is the autocorrelation

function, fﬁx(‘c), (again, this may be viewed as a function of n, the number of Ul that the measurement

spans). The Fourier transform of S)ix(r) is the spectral density function of the jitterl.

As an example, consider jitter that varies sinusoidally: X(t) = Acos(mt + @) . The Allan variance is thef
given by equation 11:

Equation 11 — Allan variance with sinusoidal jitter

oX(D) = S(IX(t+ 1) -XOP)

| %

([cos(m(t+ 1)+ D) - cos(mwt + d))]2>

I
NENY B

I\J|>N|\)|>

([1-cos(Qot+ 2P + wT)] x [1 - cos{®T)])

[1-cos(wT)]

As expected, the first term in equation 11, A%/2, is the variaice (i.e., mean squared value) of a sinusoid.
The second term is the autocorrelation function of a sinusoid. The Fourier transform of this second term

yields a single spectral line at o.?
The power spectral density of the jitter is calculateddfrom the reduced TIA data as follows:

1) For each integer value, n, the average‘squared value of the Yi's that have their corresponding ni =
n is calculated. (These are statistics*of the individual “bumps” in the histogram of figure 64.) One
half this value for each bin is théwvalue of 62X(t = n*Ul) for the corresponding n. That is, if there

are num; Yj's correspondingto n; = n, then GZX(‘C =n*Ul) = [Z(Yi)z]/[z*numi].

1. A few more words-about the difference between this formulation and the standard Allan vari-
ance definition:\the variable y; in the standard Allan variance definition, cj(r) = %((92 —)71)2> ,is

a backward-difference of the edge position (i.e., phase), X;. Hence, a flat spectral density for the

jitter is_equivalent to a spectral density for frequency variation that rises at 6 dB per octave
because frequency is the derivative of phase. Similarly, a frequency variation with flat spectral
density produces a jitter spectral density that falls at 6 dB per octave.

2£Bgecause the mathematics is linear, this example may be extended to jitter that is the weighted
sum of any number of sinusoids of any frequencies. That is, if the jitter is given

by X(t) = ZaiCOS((oit + @;) then the Allan variance is:

2
a.
Gi(’t) = 27' [1- cos(w;T)]
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2) The jitter variance, var(X), is the average value of these values of sz(n). Subtracting the sz(n)

sequence from this value yields an estimate of the autocorrelation sequence. The discrete Fourier
transform of this sequence is the spectral density function (power density) of the jitter. (This
process is depicted in the measurement setup -> time domain plot -> frequency domain plot
sequence of figure 54.)

10.6 Real time oscilloscope methods

10.6.1 Overview
Figure 69 shows a block diagram of a RT scope acquisition, analysis and display system.

Sample Rate Osgillstz)slzspe
Nyquist
Input 72X BW Reconstruct Real Time
Lty —_— _> i .| Waveform | —— Waveform
Interpolation Memory Jitter Analysis
EQ. SinGo/x Results
=]
Analog BW Jitter Analysis /
Rj, Dj (DDJ, DCD,PJ)
E-12 Jitter Eye Opening

Figure 69 - Real-time acquisition, analysis and display

The sampling rate of a real time system may be determined by the measurement bandwidth. Nyquist the|
ory states that the sampling rate needs to be at least twice the spectral content of the input signal to pre
vent aliasing and allow the original signal to be perfectly réconstructed. Most high-performance real-tim
oscilloscopes meet this requirement because the spectral content (and risetime) is limited by the analo
bandwidth of the input amplifier. Thus, the analog signal*is accurately reconstructed. Sin(x)/x interpolatio
may further improve the accuracy of the reconstructed waveform.

=D

In real-time (RT) sampling, the digitizer (shown in figure 69 as the A/D) operates at maximum speed t
acquire as many points as possible in one; sweep, with a single trigger. The sample interval is the invers
of the sample rate. The waveform is then reconstructed using interpolation (e.g., sin(x)/x) and transferre
to waveform memory. This data is then‘rastorized and sent to the oscilloscope display where the waveforn
may be analyzed visually. The waveform data represents vertical resolution of 8 bits (256 levels), with hon
izontal time and resolution detefmined by the record length and sample interval. For example, if the sam
ple rate is set to 20 GS/s (50 ps/pt) and the record length is set to 20 Mpts, then the actual time that i
captured is 1ms (50 ps/pt.times 20 Mpts). The captured waveform represents 1 ms of contiguous, continu
ous data containing both.time and amplitude information.

T = & (P0—O

o

Waveform constructed
with record points

Sample clock

Figure 70 - Real-Time (RT) sampling (single trigger event)

Figure 71 shows a real-time capture of a Fibre Channel Idle sequence. The top trace is the full record and
the bottom trace is a magnified view that reveals the individual bits. The waveform is captured with a single
trigger event.
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Figure 71 - Fibre Channel IDLEéquence

10.6.2 Clock recovery and waveform eye diagrqgug
The jitter timing reference described in 6.2.3 is recove
reference level (represented by the dotted line runni orizontally through the center of the waveform o
the left hand side of figure 72). Each crossing of\%\@reference level by the acquired waveform determine
an edge location. Because the acquired wavef rm may be interpolated between sample points, the usabl
edge timing resolution is much finer than th illoscope’s sample interval. The clock is recovered using
software PLL with the loop BW characteristics also defined in 6.10 and is derived from a combination of thg
rising and falling edges at the nomina{'@witching threshold. The difference between the recovered cloc
and the acquired edge location on the-horizontal axis represents the time interval error (TIE) or “jitter trend
waveform. The TIE waveform i asis of the spectrum approach to jitter measurements in 10.6.3

A waveform eye diagram is\created by overlaying many small sections of the acquired waveform, wher
each section is typically @nit intervals in length. The recovered clock is used as the timing reference fg

aligning the individual@ ions. This eye rendering technique is shown on the right hand side of figure 72.
Waveform mask testing may be performed by defining a mask and detecting collisions with this mask.
ing is useful for detecting transient waveform behavior that may cause bit errors, thg

Waveform mas

cannot be d&d by making measurements in only the time domain. Rendering a waveform eye with R
acquired rovides the additional benefit that the eye diagram is independent of trigger jitter, since a
the data%:quired with one trigger event. This is in contrast with ET waveform eye diagrams that rely o
multi igger events.

é@?ﬂloscope waveform eye diagrams and mask testing should not be confused with the jitter eye diagran

rom the real time acquisition by establishing a

n
b
P
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%nd mask testing as described in clause 5.
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Figure 72 - Recovered clock, TIE trend and waveform eye diagram

10.6.3 Spectrum approach to jitter measurements

10.6.3.1 Overview

As discussed above, a waveform eye diagram and mask is different from the jitter eye,andjitter mask dis
cussed in figure 22. The following technique describes how a jitter eye diagram may be created using

real-time oscilloscope data. A CDF plot (bathtub curve) is created and an 1012 jitter eye opening measure
ment is provided.

In this approach, it is required that the serial data signal being measured Cansist of a periodically repeatin
pattern and that the length of the repeating pattern is known. In this example, the signal in figure 71 show:
an acquired waveform of the Fibre Channel IDLE sequence of K28:5-D21.4-D21.5-D21.5. The length ¢
the pattern the instrument may accommodate is a function of the record length and pattern lengths i
excess of 5000 are typically possible.

= —n I 2

Using the spectrum approach jitter is measured as follows:

1) An oscilloscope acquires a single shot or real‘time acquisition of the data signal. To most
accurately capture the jitter, it is essentialthie acquisition system have the best available timing
accuracy, signal to noise, effective bits.and signal fidelity. Because the acquisition is captured fromn
a single trigger event, trigger jitter does not enter into the jitter calculations.

2) The acquired waveform is compared to a reference level to determine the actual time of each
waveform transition using interpelation between the samples. Different reference levels may be
used for rising versus falling:edges, to model the behavior of a receiver circuit with input
hysteresis.

3) The clock is recovered from the serial bit stream using a software Golden PLL as described in the
previous section. The actual time of each data transition is subtracted from the time of the
associated clock edge, resulting in a TIE waveform or “jitter trend”.

4) An FFT (Fast Fourier Transform) is performed on the TIE waveform. This spectrum is the
spectrum.of the jitter in the acquired signal. Before the spectrum is calculated, an important step is
taken torensure accuracy of the FFT result. For the points where there is no data edge between
two ermore symbols, the associated TIE values may be estimated by interpolation. The jitter valug
arfay+is marked “interpolated” at these symbol locations so that it may be distinguished from jitter
corresponding to transitions. The spectrum approach yields the various components of the total
jitter in two steps. In the first step, RJ and DJ are separated. In the second step, DJ components
are separated.
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Figure 73 - Frequency spectrum of time interval error (TIE)

10.6.3.2 RJ/DJ analysis (level 2)

The spectrum approach separates the total jitter into the two categories of DJ and RJ, based on the follow
ing observations: RJ is assumed to be Gaussian; its spectrum has no distinct peaks.!DJ is periodic in th
time domain since it is assumed that the serial data signal consists of a periodically repeating data pattern;
it has a spectrum of impulses (figure 73). The different properties of DJ and RJ are obvious. Variou
approaches may be taken to separate the impulses from the ‘noise floor, (but shall accommodate varia
tions in the FFT, resulting from FFT resolution, frequency spreading, windowing, etc. The standard devia
tion parameter of the RJ may be obtained by computing the RMS value of the noise floor in the frequenc
domain. The DJ-only spectrum is recovered by setting to zero all bins“from the TJ spectrum that are attrib
utable to RJ. A time-domain record of the DJ is obtained by perferming an inverse FFT on this DJ sped
trum. The peak-to-peak time value, that is the parameter of interest for DJ, is found directly from thi
time-domain waveform. Note that locations marked earlier@s “interpolated,” are not counted when deter
mining the peak-to-peak value.

1%

T o7

o T

Note that this scheme, like the others that use a spectrum approach, makes the assumption that all th
crosstalk and power supply jitter is captured in the:PJ. Any DJ in the form of broadband crosstalk, power
supply jitter or clipped Gaussian jitter that does, not present a defined PJ peak will be lumped with the RJ.
Similarly, LPDDJ may not be detected accurately. Therefore, it must be independently determined that
there is no significant broadband crosstatk or power supply jitter present and that no significant LPDDJ
exists before using this scheme for level-l purposes.

1”2

10.6.3.3 Analyzing DJ components (level 2)

After obtaining the spectrum of DJ in the previous step, three components of DJ [DDJ (e.g., that caused b
ISI), DCD and the periodie-components of BUJ (PJ)], may be obtained. Again, these components of DJ
consist solely of impulses! The DDJ+DCD jitter components may be separated from the PJ componen
based on the following-Observations: all impulses due to DDJ+DCD components appear at multiples @
0,5/N, where N is-the data pattern length, the number of symbols in the data sequence’s repeat pattern.
Any remaining-impulses are due to PJ (refer to figure 73). With PJ thus isolated, an inverse FFT is per
formed to recoyer PJ in the time domain. The parameter of interest for the PJ is the peak-peak value of it
time domain-record. Then using only the portions of the DJ spectrum attributable to DDJ+DCD, an invers
FFT is-performed to recover DDJ+DCD in the time domain. This time-domain record may now be sepa
rated into two records, where one record contains only the rising edges and the other contains only the fall-
ing/edges. A histogram is computed for each. These two histograms may have similar shapes if the dat
signal has alternating disparity. The method used to distinguish DCD and DDJ components from each

—r

T (O— O

1=

atharic hbhacad an tha follov o nran oy oo

H =
Ot 1S 0aSCU O e TOmMoOwWITTg PTOUPCTtC ST

a) The difference between the mean values of the two histograms is DCD.
b) The average of the peak-to-peak values of the histograms is DDJ.
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One intermediate result of this procedure is a time-domain record of the PJ waveform, that could aid in
identifying the source of the periodic jitter. No other method of jitter analysis is known to be capable of pro-
ducing such a waveform.

Because the rising edge and falling edges may have significantly different DJ distributions one must use
the entire DDJ/DCD population to determine the peak-to-peak values. Separation of the rising and falling
edge population may be used to calculate DCD as the difference of the means of the respective edges.
DDJ is the difference between the entire DDJ/DCD and the calculated DCD.

Longer patterns such as CJTPAT may have a broad spectral content if the signal contains significant DCD
and DDJ. To ensure that peaks associated with PJ can be distinguished, the analyzed waveform should

include 100 or more pattern repeat cycles. This requirement effectively causes the spectral resolution to
increase as the pattern length grows.

10.6.3.4 Obtaining the jitter eye opening

After deterministic jitter and random jitter have been separately characterized, the jitter eye"apening ma
be measured using a bathtub curve analysis. From the DJ/RJ separation, the time recordvof DJ (including
periodic components of BUJ (PJ)) is obtained. The time-domain histogram of the DJ\S"now computed,
without counting those locations marked “interpolated.” The time-domain histogram‘'of the RJ is synthe
sized based on its Gaussian model, using the standard deviation obtained durifig. the DJ/RJ separation.
The histograms of DJ and RJ are then convolved to get the recovered histogram ‘of total jitter. This recoy
ered TJ histogram, when properly normalized, may be interpreted as the probability density function (PDH
of the TJ. Finally, the bathtub curve (CDF curve, as shown in figure 74) is.6btained by integrating this PD
and normalizing for the assumed 50 % edge density. The right side of the bathtub curve is the CDF define
in figure 20 as the “Leading Edge” CDF. The left side is the CDF defined by the “Trailing Edge”. The jitte]

eye opening at the desired BER (in this case 10"12) is measured from this curve.

=t

The level 2 total jitter (TJ) may be derived from the aboveanalysis by equation 12.

Equation 12 — Total jitter calculation

TJ = Ul x [1 —jitter eye opening]

0,0

Log10 {CDF}

=)
)
[

*-500,00m Linit Intereals (LI 100,00m/fdiv 400,00m

Figure 74 - Jitter analysis bathtub curve

10.6.3.5 Deterministic jitter and total jitter (level 1)

The level 1 DJ and level 1 TJ may be determined by direct application of the methodology detailed in 8.3.
The level 1 CDF to be used is that created in 10.6.3.4. This CDF is valid for level 1 use only if it has been
determined that there is no broadband crosstalk or power supply jitter (i.e. if the crosstalk and power sup-
ply jitter that is present is independently determined to consist of only discrete spectral components). Oth-
erwise the results are level 2 only.
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10.6.3.6 Jitter eye diagram

A family of bathtub curves that defines the Jitter Eye Opening in figure 21 may be achieved using this tech-
nique. The bathtub curve in figure 74 was created by setting the signal level to the nominal switching level,
however, the same analysis may be performed by setting the signal level at a higher and lower voltage
level as defined by the standard. To insure that the analysis is done on the same waveform (acquired with
the same trigger), the analysis should be performed without re-acquiring. It is also recommended that ade-
quate interpolation be used for high and low levels to more accurately reconstruct the signal under test.
Error in edge detection at the nominal switching level is very small even if linear interpolation is used. How-
ever, at high and low levels, linear interpolation may introduce error. At levels other than the nominal
switching level use of a more robust interpolation algorithm such as sin(x)/x will result in more accurate
measurements

As of this writing, the following limitations and/or issues are known about the spectrum approach’ o
real-time acquired data:

=

a) This method requires at least 50 (preferably 100) repeats of the pattern with no inserted fill words
in the acquired data.

b) PJ may appear as DDJ if it is synchronous with the pattern repeat frequency or one of it
harmonics. This does not affect the TJ result or the validity of the CDE if the signal has n
non-periodic BUJ.

oY
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See also [6.2.5] for general issues involving conversion of noise to jitter.

10.6.4 Jitter noise floor of RT scope oscilloscope waveform)data
Because RT scope eye diagram and jitter analysis techniques do net+ely on multiple trigger events to cap
ture data, trigger jitter is not a concern. Therefore, the jitter noise floor is on the order of the aperture uncer
tainty specification of the oscilloscope. Current technology demonstrates a jitter noise floor of less than
1 ps rms.

11 Jitter / signal tolerance measurenmient methodologies

11.1 Overview

Link jitter / signal tolerance at an interoperability point generally refers to the ability of the portion of the lin
downstream from the interoperability pointlink to continue operation within specifications with the signal d
interest present at the input to the interaperability point. For MJSQ the signal of interest is the signal at th
interoperability point in the portion efjthe link containing the receiver. All properties of the signal may affed
the jitter tolerance, not just thegjitter content. The term jitter tolerance is retained because of its commo
usage.

- e+ D —h

Receiver jitter tolerance\is a measure of how well the Clock and Data Recovery Unit (CDR) in the lin
receiver tolerates various forms of jitter. Two aspects of CDR behavior are important. The first is how much
horizontal eye closure the CDR may tolerate with its recovered bit clock strobe optimally placed in the eyd.
This reflects howwell the CDR centers its recovered bit strobe in the data eye and how small the setup an
hold times arefor the CDRs input flip flop. The second is how the CDR recovered bit clock wanders as
attempts to/track jitter within or below its passband frequency. The second item is very much influenced b
what jittex'spectral components are present in the serial data and what system noise is coupled to the CDF
bandpass filters. All jitter tolerance properties may be affected by other signal properties such as amplitud
andrise time.
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surement. A bit sequence with a known quantity of jitter is provided to the input and the error ratio of the
receiver is measured. Jitter tolerance requires an error detector instrument used in conjunction with a pat-
tern source and jitter generator. Being a bit error rate measurement, jitter tolerance generally requires long

test times to ensure 10712 bit error ratio performance.
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Thus jitter measurements at the component level may be done using an error detector instrument in con-
junction with a pattern source and jitter generator. For device level and system level testing, the FC port
needs to report errors. This document does not discuss methods to report errors at the protocol level. See
[11.2.7].

The key specification for a jitter tolerance measurement is the specification of a jitter tolerance mask. The
jitter tolerance test recommended here attempts to duplicate actual jitter conditions. A jitter tolerance mask
with eye closure partitioned into a frequency sweep component, a random jitter component and a deter-
ministic jitter component is described for a comprehensive and consistent source. Table 7 shows an exam-
ple of the jitter components for the jitter tolerance test at an interoperability point. The values shown are
from 2004 FC-PI-2 revision 5.0 for 4,25 Ghit/s Beta R.

Table 7 - Jitter tolerance components

Quantity (UI)

Component (peak-torpeak)
Non-sinusoidal deterministic jitter 0,33 (NOTE 1)
Total jitter without SJ applied 0,52
Random jitter Adjusted-to produce total jitter required with-
Jitter frequency spectrum flat across f./166 7 to f,/2 (NOTE 2) out SJ(NJ=0,52 in this case) (Note 1)

(Example: fc=4,25 Gbit/s; 2,55 MHz to 2,125 GHz)

Sinusoidal applied jitter See Figure 3
Sweep from f./25 000 to > f./200

(Example: fc=4,25 Gbit/s; 170 kHz to > 21,25 MHz)

Total jitter with SJ applied Approximately0,62
For SJ > /1667

NOTE 1 Itis measured using the jitter timing reference.described in this document.

NOTE 2 It has always been easy to say that RJshould have spectral content up the half-baud frequency. In
practice, however, this is extremely difficult and not' necessary. Limitations have to do with F/PM modulator and
clock input band limitations for pattern generators. 100 MHz is a reasonable minimum even for 4G systems.
Mandating equipment to excite above 100 MHz eliminates some cost effective and adequate options. A primary
source of RJ is at the clock source. This*RJ is typically rolled off within a few MHz. Optical links generate
broadband RJ, however, the real challenge to receivers is to control the amount of jitter, including RJ, that cannot
be tracked and must be dissipated/.The basic requirement is to calibrate a signal tolerance tester with RJ
(integrated into UI) that is above.a'CDR's tracking response. The upper frequency value does not matter if it is
above this tracking response ffequency. Today’'s CDRs will not track (much) above 20 MHz so a conservative
upper limit on the RJ frequeney is 100 MHz.

Using the jitter toleranCe components in the signal, a thorough test may be conducted including the inter
action between the/various real components. The passband characteristics are determined using sinuso
dal jitter sweep from 42,5 kHz to >5 MHz. The tolerance to high-frequency effects such as ISI an
asymmetric risehand fall delay through active circuits is tested using the non-sinusoidal, high-frequenc
component;, The simultaneous excitation with all three jitter components using a broad test pattern mea
sures any.interactions between the jitter components.

o

Jittertolerance tests are also performed under the stressed condition that the receiver bit clock frequenc
is different from the transmitter bit clock frequency which is in the same FC port as the receiver. Thus, th¢
receiver is asynchronous with the transmitter in the port under test. Test patterns to be used in jitter tolen

ance testing are defined in Annex A. In other words, the jitter tolerance test is valid when the device is
under conditions that are expected in use.
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11.2 Jitter tolerance test methodologies

11.2.1 Overview

An important measurement in determining link integrity is the characterization of the ability to tolerate
inputs containing jitter yet recover error-free data. This is accomplished by inputting a signal with well con-
trolled jitter and amplitude characteristics while measuring the BER at the output of the receiver. As the
source signal is modified in amplitude and/or spectral content, the change in BER is measured. This sub-
clause describes some useful test methodologies for testing jitter tolerance.

The term ’jitter’ tolerance is retained in this document because of its historical usage but the behavior of
interest is really the total signal tolerance including both jitter and amplitude. It is well known that receivers

exhibit different BER performance under different amplitude conditions even if the jitter is constant. In ge
eral a receiver will tolerate more jitter if the signal has higher amplitude. It is implicit in the terminology that
‘jitter tolerance’ is either a convenient substitute for the term 'total signal tolerance or that the amplitude @
the signal has been reduced to minimum allowed by specification when the jitter tolerance is meéasured.

—

11.2.2 General methodology
Figure 75 shows the general methodology used for calibrating a signal and subsequently-applying it to an
interoperability point in a link. Note that the entire signal including both time and amplitude qualities require
control to accurately determine tolerance.

17

The required signal is setup into the text fixture calibration load. After the Signal is adjusted to have th
desired properties the test fixture calibration load is removed from separablé.connector (half of the conned
tor stays with the calibration load) and the cable from the signal syntheSizer is connected to the interopera
bility point of interest.

T D

There will be changes to the signal applied to the interoperability’point compared to those measured wit
the calibration load because the load and general environment under test is probably somewhat differen
from the calibration load. The properties of the signal used with the calibration load should have bee
developed with the understanding that these changes-will occur. Since the changes were caused by th
the link under test not matching the calibration load it is the responsibility of the link to accommodate what
ever changes the link under test causes.

L

1%

This methodology has the considerable practical advantages that the test fixture calibration loads may b
designed to accommodate commercially available instruments and that the signal applied to the test poin
is calibrated the same way regardless*of-the link under test.

—
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Signal snythesizer Test fixture calibration load

AN

1}

Separable connector

Signal is calibrated here
by measurement

Calibrated signal is applied to the
jitter tolerance interoperability point
by separating the signal from the test
fixture calibration load and connecting
to the interoperability point

Amplitude

Sine jitter amplitude

Sine jitter frequency

TJ amplitude (via RJ and DJ)

RJ amplitude

RJ frequency content

DJ amplitude

Compensatable DJ amplitude
Equalization
DCD

Data rate

Data pattern

Rise/fall time

Figure 75 - General methodology for jitter / signal télerance measurements

11.2.3 Sinusoidal jitter modulation

Sinusoidal jitter, SJ, may be introduced by sinusoidal modulation of the serial data bit sequence. This tech
nique is similar to the one used by SONET. The frequency-may be swept to determine the loop bandwidt
of the CDR. The variable sinusoidal modulation of a hit'sequence is accomplished by using a frequenc
synthesizer to modulate the clock source used for the pattern generator as shown in figure 76.

a— T

CLOCK N -
PatGen PATTER
A

Clock Phase SOURCE Clock GENERATOR

Modulation Port

Modulation
Freq

FREQ
SYNTHESIZER

Figure 76 - Sinusoidal jitter modulation

14.2.4 Jitter / signal tolerance sources

11.2.4.1 0QOverview

Four sources of jitter are provided: compensatable DDJ, non compensatable DJ, applied sinusoidal (SJ)
and Gaussian (RJ). Each of these is added to the serial signal generated by a pattern generator. A
sine-wave generator modulates the clock to the pattern generator to provide sinusoidal jitter modulation
over the required frequency range. A fibre or cable adds compensatable DDJ. The length of the fibre or
cable is adjusted to produce the require level of compensatable DDJ. Practically, it is easier to control the
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compensatable DDJ by using an electrical cable than by using a multimode fibre and single mode fibre is
cumbersome because of the long length requried. Non compensatable DJ is added from a filtered PRBS7
signal generator. Adjustable random jitter is added to the signal to provide random jitter. A broadband
power combiner circuit is used to add the SJ and RJ to the clock input to the pattern generator. The signal
amplitude is controlled. The rise time may be accomplished via adjusting the Bessel-Thomson filter proper-
ties.

If using the clock input to the pattern generator is not suitable for any reason, then the output of the pattern
generator may be phase / time modulated by the jitter sources (amplitude properties of the final signal
need to be preserved in all cases).

o

RJ is added in this example with a wideband coupler and a sine clock source. This may be a goo
approach, but the following cautions apply.

a) To convert ampitude to jitter within reasonable constraints on linearity, the useful amount,of jitter
with this method is <0,3 Ul peak-to-peak assuming all else is ideal. This meets the réquirements.
b) Be sure, set-up and hold times are not being violated at the clock input of the pattern generator
(the pattern generator may not operate with the required level of RJ on its clock input).
c) The pattern generator may filter the jitter excessively - adequate modulation.bandwidth is required.

The division of DJ into compensatable and non compensatable is done because with only compensatabl
DDJ the vertical eye closure ratio is excessive and too harsh on receivers, that don't equalize. Also, usin
only compensatable DDJ may not ensure that receivers that equalize are able to tolerate non compensat
able forms of DJ.

T D

By adding some form of DJ that cannot be equalized and that does not cause so much vertical closure th
DDJ portion and vertical eye closure ratio can be reduced te ,about half of what would result from using
compensatable DDJ alone.

1%

Among the options for the additional uncompensatable-DJ are more SJ, more DCD, some BUJ and others.
The method documented uses a PRBS7 generator that'is filtered to ~1/20th of the generator's rate applie
to the phase modulation clock port. To keep costs(low and performance reasonable the rate of this genera
tor is fixed at 1 GBd. The filter is provided from:a Small fixed filter. This scheme provides an approximatel
flat jitter spectrum from the PRBS data ratezup to the filter bandwidth and has a reasonable normal PDI
(but bounded). Other combinations of pattern length, PRBS data rate and filter bandwidth may be possibl
as long as a broad spectrum and reasenable PDF are obtained.

o

LIS
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Other general cautions are:

a) Instrument noise floors and data dependencies may lead to test signals with less stress than
intended.

b) RJ must be Gaussian and not clipped out to >BER being tested. The rms value does ng
guarantee that.the tails exist.

c) The spectrum of the portion of RJ that is calibrated must be from greater than 20 MHz. A(
coupling below 20 MHz may be used. The pattern generator shown passes clock input jitte
through-to the data with >>20 MHz BW. This property should be verified. The RJ spectrum nee
netbe white above 20 MHz, but a wider spectrum is preferred.

d) - ltmay be required to add amplification to achieve the required test signal amplitude.

—

o= V7
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11.2.4.2 Optical jitter / signal tolerance source example

Figure 77 shows an example of how to generate an optical signal with controlled properties including jitter,
amplitude and rise time to be used for a signal tolerance measurement.

)

Notes for figure 77:

a)

b)

<)

d)
e)
f)

9)

Compensatable DDJ Control
(length)

Pattern @ S Bessel- ;
Conerstor |2 —s| LG || Thomson (| L0 E0

(CITPAT) P Filter

Clock
Input

Broadband Variable Ggussm_n Optical Calibration

Power — White Noise

) Attenuator Attenuator Instrument
Combiner Generator
RJ Amplitude
Modulation Control
Port(s) Amplitude Control

Clock . . le— sSIF Control Optical Jitter,
Source | Combiner Sine Jitter requency tontro Tolerance Sighal

(sine) Source (SJ) .

[«— SJ Amplitude Control
Halii(mj"e Fl’lstS Uncompensatable
L—| l— )
1/20 PRBS rate Source bJ Amplitude Control

The calibration instrument includes an optical reference receiver (O/E conversion and 4™ order
Bessel Thomson filter with -3 dB frequency = 0,75 x baud. It should have high inherent sensitivity]
and linearity over the range of signal powers being calibrated.

The limiting amplifier is used to restore the amplitdde and rise and fall times of the signal after th
DDJ mechanism.

The Bessel-Thomson filter shown in the blogk diagram is for edge rate control. The combination o
the limiting amplifier, the filter and the lin€ar E/O converter shall produce rise/fall times that compl
with the following:

greater than 0,25 Ul when the effeets of the bandwidth limiting of the calibration instrument ar
removed.

less than 0,43 Ul when the effects of the bandwidth limiting of the calibration instrument are i
place.

These rise/fall time requirements are 20 % to 80 % and shall be measured with a repeating fixe
disparity K28.7 pattern and with all jitter sources turned off.

The optical test_signal shall be symmetrical and have minimal RIN, distortion, overshoot an
undershoot. It-should be at the nominal wavelength for the variant under test, +/- 10 nm. Th
extinction ratio-should be between 6 dB and 9 dB.

Figure 77 - Example of an optical signal tolerance source

1%
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11.2.4.3 Electrical jitter / signal tolerance source example
Figure 78 shows an example of a signal tolerance source for an electrical signal. The properties are similar
to the optical signal source.

Amplituz?e Compensatable
Contro DDJ Control

l (length)

2
Pattern @ Calibration

Generator
(CITPAT) Differential X Instrument
Ly
Clock _— | \
Input )
Broadband Variable (igusswl_n _ _
CPO"I;’?’ Attenuator V‘c'; ite N(t"se Electrical Jitter
ombiner enerator Tolerance Signal

T RJ Amplitude

Modulation Control
Port(s)

Clock /
Source %—| Combiner Sine Jitter [€— SJ Frequency Control
Source (SJ)

(sine) [«— SJ Amplitude Control

Ha';ﬁn;?fe PlR(’;Bbg Uncompensatablg
a— DJ Amplitude.
1/20 PRBS rate Source Contr(?l

Figure 78 - Example of an electrical signal telerance source

The calibration instrument presents an impedance equal tothé.reference impedance for the electrical var
ant under test. The effect of the DUT not having the reférence impedance is part of the signal toleranc
measurement. See [6.15].

\1%

For differential variants as shown in figure 78 the-galibration of the tolerance signal is performed using
differential signal. If test equipment only has single channel, single ended input capabilities conversion g
the differential signal is required and the ;aecuracy of the conversion process shall be verified over th
entire frequency band of interest.

D

11.2.5 Calibration of a jitter tolerance signal source

Any valid scheme may be usedto.generate a CDF for the signal at the threshold level. It is required that
Golden PLL be used. The process described in clause 8 is used to report the RJ and DJ values for the sig
nal source under test.

==

The following processtisiused to calibrate a jitter tolerance signal source.

1) The signalis set to a nominal amplitude.
2) With-the’ SJ source turned off the properties of the DJ and RJ sources are iterated until the desired
DJand TJ content results.
3).Add SJ until the TJ increases by the amount specified for SJ. SJ can only be measured gt
frequencies much greater than baud/1667 if the Golden PLL is being used. At lower frequencieg,

4) The signal amplitude is then set to the minimum allowed for the signal. (This is the maximum

signal amplitude that is allowed for the signal tolerance measurement. If the 10-12 level is not
measurable for some reason then having visible population at the minimum allowed amplitude is a

conservative measurement for signal tolerance). Accurate amplitude calibration at the 1012 level
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is not practical using a conventional ET scope due to the low probability of the peak-to-peak RJ
effects. For better visibility for amplitude calibration, the RJ portion may be temporarily replaced
with an equivalent amount of peak-to-peak SJ to bring TJ up to the same specified output jitter
level. This allows the signal to meet the desired amplitude value.

If the instrumentation is unable to supply SJ over the required frequency range the uncompensatable jitter
source may be increased to achieve the required high-frequency effect via uncompensatable DJ rather
than using SJ. Using the uncompensatable DJ source creates a level 2 calibration. If compensatable DDJ
were to be used as a substitute for high-frequency SJ a receiver may be able to equalize the compensat-
able but would not compensate the high frequency SJ. This condition would be less stressful to the

receiver than intended by the test.

Since there are presently no specifications on the values of compensatable and uncompensatable)DJ th¢
calibration for DJ is described without distinction between these types. One may do a rough calibration fo
compensatable and uncompensatable DJ by turning off the uncompensatable DJ source andwreducing th
DJ target value by the amount of uncompensatable DJ desired. The compensatable DJ is‘thien adjusted i
such a way that the reduced DJ target is met. Keeping the compensatable DJ setting censtant, the uncom
pensatable DJ source is then turned on and the signal is calibrated to the originak DJ / TJ target a
described.

T D s D

o

This general scheme may also serve as the initial target for determining a jitter;tolerance compliance mas
for a specific type of receiver.

11.2.6 Direct time synthesis
Direct time synthesis is a method of generating phase changes:on serial bit sequences through digitdl
delay calculations rather than analog modulation. In essence, it operates in the time domain rather than
frequency domain. Due to this technique, direct time synthesis, has a high degree of flexibility in generat-
ing jitter. The test setup and test technique of a representative system is as shown in figure 79. DTS ma
be able to generate RJ and some forms of BUJ, bath\within frequency/bandwidth limitations of the DT$
instrument.

Using direct time synthesis, the sinusoidal madulation technique may be replicated without separate pat-
tern generator, clock source and frequency‘synthesizer. Additionally, direct time synthesis may generat¢
eye closure.

—

DTS may be able to generate RJ and some forms of BUJ, both within frequency/bandwidth limitations o
the DTS instrument.

Data

DUT Error Detector

DTS

4 Recovered word clock

Figure 79 - Direct time synthesis jitter tolerance test setup for a 10 bit deserializer

11.2.7 BER measurements

If the link receiver is in a functional FC Port that has a special test mode that is capable of accepting the
pattern generator output as valid data then one only need read the BER as reported by the Port. If the HBA
is not capable of accepting the pattern generator data because port initialization (attaining word sync, deal-
ing with fill words and other protocol requirements) protocol is not present in the pattern generator output
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then the Port will not operate. In this case one must activate the Port using a valid FC port as a partner to
the Port containing the link receiver under test in a manner similar to that shown in figure 84 for optical
links. This requirement places significant additional requirements on the pattern generator that are not
defined in the example used in 14.4 . See also Annex A.

It is also required that suitable software exist in the FC Port under test to report the errors created by the
signal tolerance test. Bit errors may or may not be available in their native form in a functioning FC Port.
Errors like CRC, code violations, etc., are more commonly those available. MJSQ does not define how to
convert typical port errors to equivalent BER. This topic is expected to be addressed in MJSQ-2.

12 Example use of jitter specification methodology for FC-PI-n

12.1 Overview
Jitter allocation, or equivalently jitter budgets, are required to specify the performance requirements for a
complete link. Each interoperability point in the link has its own set of requirements. In some cases ong¢
needs an active circuit between the interoperability points to achieve the required signalperformance. Th
process of determining the actual budget numbers is complex and is not explored in MJSQ. Effective exg
cution of an actual budgeting exercise for a specific variant requires understanding the methodologie
described in this document for measuring and quantifying DJ and TJ as a starting,point.

T (D
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This clause shows some examples of how a finished jitter budget might appear. The numbers used for th
examples were extracted from the latest revision of FC-PI-2 for 4 GFC. \The process used to arrive at th
values shown was executed as part of the development of FC-PI-2.and is not described in MJSQ. Th
numbers may change for this application in the future. This clause“s not a jitter specification for FC-PI-
variants.

ToO——®— D

Clause 12 only considers the jitter content at the averagée signal level and assumes that it is required t
separately specify the DJ and TJ in the application.

=4

The jitter content of a signal may depend on the, signal amplitude, signal rise/fall times, data pattern and
possibly other properties as described in [12.2]. This dependence may not be linear.

Measurement of the jitter content in the signal requires specified measurement conditions. Often using @
nearly ideal link termination during the_signal measurement is required for jitter output measurements. Fo
some interoperability points the signal is measured after the signal passes through special loads. Thes
special loads may emulate, for éxample, an ISI intensive electrical interconnect or a receiver that use
internal compensation (such as.equalization). These special loads that simulate the relevant conditions i
the link at the interoperability ‘point of interest are required to make the benefits of the compensatio
schemes used in transmitterdevices or receiver devices available to the link signal budget (including jitter).
Otherwise, the signals(asthey exist prior to compensation have to be used as the basis for compliance an
the compensation gnly appears as increased signal margin that is not visible when the signals are mea
sured. Clause 12-assumes that the measurement conditions specified by the relevant standard (including
any special loads) are in place when the signal is measured for compliance to the jitter budget.

= = =

o

12.2 Dependence on signal properties other than jitter output at the average signal leve
If thejjitter output at an interoperability point depends on the compliant data pattern, compliant signal ampli
tude;.compliant rise/fall time or other compliant properties of the signal then the combination of these com
pliant properties that produces the highest jitter output is used for determining the jitter budget at that
interoperability point. This_worst case combination is_determined on a case-by-case basis for eveﬂ/

interoperability point in the link. In some cases it may be the shortest link that produces a return loss
induced signal reflection jitter limited condition and the highest allowed signal amplitude with the shortest
rise/fall time may be the worst case. In other cases it may be the longest link where I1SI mechanisms and
insertion losses are the limiting factors and the lowest allowed signal amplitude may be worst case.
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For jitter tolerance measurements the combination of compliant properties in the signal that produces the
highest BER in the link receiver is used for determining the jitter tolerance budget. This is often the lowest
allowed signal amplitude, the slowest rise/fall time and the CJTPAT in the applied signal at the interopera-
bility point of interest. This is because link receiver may tolerate more jitter if the signal amplitude is higher
or signal rise/fall time is shorter. The jitter tolerance requirements include specified amounts of applied SJ
as described in clause 11.

In general, the signal conditions that produce the worst case jitter output are not the same as the signal
conditions that produce the worst case jitter tolerance and each should be considered separately.

12.3 Jitter output budget and jitter tolerance budget

12.3.1 Overview
All interoperability specifications, including jitter budgets, apply through the mated connectors used, for the
interoperability point of interest.

17

Two jitter budget tables are needed for every interoperability point: one for jitter output freny'the upstrean
portion of the link and the other for jitter tolerance for the downstream portion of the link.

—

=4

In current standards for the same interoperability point it is common for the jitter telerance specifications t
be the same as the jitter output specifications except that a certain amount of additional applied SJ is use
for the tolerance specification (according to a jitter tolerance mask - see figure,3 and table 7).

o

This practice does not explicitly recognize that there may be different gonditions in the signal that producs
the worst case performance for the jitter output and for the jitter tolerance at the same point. The way th
jitter tolerance is commonly specified invites one to think that thetsame signal conditions are used for th
jitter output measurements and for the signal tolerance conditions. The discussion in [12.2] suggests thg
different signal conditions are required for jitter tolerance and jitter output for an effective specification.
Having different signal conditions does not necessarily change the specifications for the jitter output and jit
ter tolerance but it may significantly change the way that\these specifications are enforced. This is a topi
that will be explored further in MJSQ-2 but the examples in this clause retain the current practice of officigl
silence on the details of the signal conditions otherthan the jitter content.

O—0—

—
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12.3.2 Example jitter output budget tables

Table 8 contains an example of a set of jitter output specifications for the interoperability points for electri
cal variants in 4GFC. The values in the jitter output allocation table assume that ISI equalization may exig
in the transmitter or as part of the interconnect between the y and yg points.

—

12.3.3 Jitter tolerance specification

Jitter tolerance is specified at interoperability points. A signal that meets the limits for the jitter toleranc
specification that is\applied at the interoperability point shall not produce more than the allowed BER in th
link receiver. Fhe-tolerance measured is for all the portions of the link that are downstream from thg
interoperability, point.

O

Table 9-contains an example of a set of jitter tolerance specifications for the interoperability points for eled
trical-variants in 4GFC.

The system or device design may inject noise into the downstream portion of the link through paths othe
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recommended that jitter tolerance be verified in a system or device. An additional 0,10 Ul is allowed
between the jitter output and the jitter tolerance due to unspecified (environmental/system noise) compo-
nents not present under a component test. This additional margin is also useful to accommodate interac-
tions between different components on either side of the interoperability point caused for example by
resonant noise generated via mismatched (but still in spec) impedances.
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Table 8 - 4,25 GBd jitter output budget example

Interoperability

point o Br o1 ¥r = dr Br OR
400-SE-EL-S and 400-DF-EL-S Inter-enclosure, max (NOTE 1)
Deterministic NOTE3 0,14 |NOTE4 | 0,37 0,9 NOTE3
(Ul peak-to-peak)
Total (UlI|NOTE3 0,26 |NOTE4| 0,57 0,59 NOTE3
peak-to-peak) NOTE 5
(NOTE 2)

400-SE-EI-S and 400-DF-EL-S Intra-enclosure, max (Note 1)

Deterministic Note3 | 0,33 0,33 |NOTES3
(Ul p-p) NOTE 6

Total (Ul p-p) Note3 | 0,52 0,52 -/NOTE3
(NOTE 2) NOTE 6 NOTE 7

NOTE 1 Total jitter is the sum of deterministic jitter and random jitter. If thé actual deterministic
jitter is less than the maximum specified, then the random jitter may increase'as long as the total
jitter does not exceed the specified maximum total jitter.

NOTE 2 Total jitter is specified at a probability of 1012,
NOTE 3 « points are determined by the application.

NOTE 4 Shall meet Gamma jitter specification (a) measured'through the Gamma T compliance
interconnect and (b) measured through a zero length intefeonnect.

NOTE 5 Pre-compensation at the transmitter may heyused to cancel DDJ at Gamma R, however,
the remaining total jitter budget cannot be assigned entirely to RJ. In order to allow compensation
in the receiver the opportunity to compensate IS|ihduced DDJ, broadband non-DDJ components
of TJ should not exceed 0,39 Ul

NOTE 6 Shall meet Beta jitter specification (a) measured through the Beta T compliance
interconnect and (b) measured through a\zero length interconnect.

NOTE 7 Pre-compensation at the ttarsmitter may be used to cancel DDJ at Beta R, however, the
remaining total jitter budget cannotbe assigned entirely to RJ. In order to allow compensation in
the receiver the opportunity to eompensate ISI, broadband non-DDJ components of TJ should not
exceed 0,33 UL

NOTE8 «,p,d,y are-defined in figure 9.

13 Practical measurements

13.1 Level 1 andlevel 2 measurements
Two broad levels.ef MISQ measurement are defined:

Level 1 meéasurement (test) definition
Level 1 measurements are tests that are needed to ensure that the signal meets the specified

requirements. Level 1 measurements are intended for use with pass-fail criteria for complianc
purposes.

7

Level 2 measurement definition

Level 2 measurement are not used for determining compliance to performance requirements.
Level 2 measurements produce quantitative results that may reveal the source causes of degrada-
tions measured in level 1 measurements but level 2 measurements do not have pass-fail criteria
assigned. Level 2 measurements are expected to be useful for designing and manufacturing sys-


https://standardsiso.com/api/?name=919b236fbe3de22e0f029fc4b1085e92

- 136 - TR 14165-117 © ISO/IEC:2007(E)

Table 9 - 4,25 GBd jitter tolerance budget example

Interoperability point or Br o1 ¥r R | 9% | Br OR

400-SE-EL-S and 400-DF-EL-S Inter-enclosure, minimum NOTE 1

Sinusoidal swept frequency (SJ) | NOTE 5 0,10 [ NOTE 7| 0,10 | 0,10 NOTE 5
255 MHz to > 21,25 MHz

NOTE 4

Deterministic (DJ) NOTE 5 0,14 | NOTE 7| 0,37 | 0,39 NOTE 5
Total (NOTE 2, NOTE 3) NOTE 5 0,36 | NOTE 7| 0,67 | 0,69 NOTE 5

400-SE-EL-S and 400-DF-EL-S Intra-enclosure, minimum NOTE 1

Sinusoidal swept frequency (SJ) | NOTE 5 | NOTE 6 0,10 |,NOTE 5
255 MHz to > 21,25 MHz

NOTE 4

Deterministic (DJ) NOTE 5 | NOTE 6 0,33 | NOTE 5
Total (NOTE 2, NOTE 3) NOTE 5 | NOTE 6 0,62 | NOTE 5

NOTE 1 The jitter values given are normative for a combination of DJ, RJ and SJ that shall be tolerated at
the interoperability point without exceeding a BER of 10712 .

NOTE 2 No value is given for random jitter (RJ). For compliance with this spec, the random jitter
amplitude shall be the value that brings total jitter to the stated value.at’a probability of 1012 .

NOTE 3 The link downstream from the interoperability point shalhtolerate sinusoidal jitter of progressively
greater amplitude at lower frequencies, according to the applicable jitter tolerance mask, combined with the
same DJ and RJ levels as were used in the high-frequency.sweep.

NOTE 4 The sinusoidal component is calibrated as defined in [11.2.5].
NOTE 5 Values at the o points are determined by the'application.

NOTE 6 Shall meet B jitter specificatiomnfiumbers when measured through the Bt compliance
interconnect.

NOTE 7 Shall meet yg jitter specifieation numbers when measured through the y; compliance
interconnect.

tems and components that preduce signals that satisfy level 1 test requirements. Level 2 measure
ments are not individually~required as direct performance measures of the signal.

Level 2 measurements may\he required to set up level 1 measurements. For example, setting up a signd!
to be used for a tolerange measurement uses level 2 processes to set up the signal and a level 1 proces
to measure the tolerance.

o

13.2 System.considerations

Annex A explares the details of getting access to a system for measurement purposes. MJSQ recognize
that practical'access to an operating system is almost always problematic. Even if the system may b
made available for testing, there are both good and bad points about making measurements in an operat
ing system.

o0

On the good side, the noise environment is real in an operating system. It is difficult to emulate system

noise-in-a comnponent-measurement Anather gnr\rl pninf is-that the actual |nngfhc and-terminations-to-bé

p
used are in place. This fixes the reflections and resonances as they exist in this particular application. This
benefit may be illusory, however. The mere act of probing an operating system may result in significant
changes and potentially unexpected results, both positive and negative.

Unfortunately, almost nothing in a real system is worst case and once the specific collection of hardware is
assembled it may be difficult to determine whether the individual components comply with the signal
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requirements. For example, if the transmitter launches higher than the minimum signal amplitude, then an
interconnect with more loss than allowed could still allow the link to work. If that transmitter is replaced with
another that barely meets the specifications for a transmitter then the system will not work (unless the
receiver is also better than required). At this point many people consider it an academic question as to
whether the non compliant interconnect is the fault or the new transmitter is the fault. Most people would
immediately jump to the conclusion that the transmitter is the fault because, after all, the system was work-
ing fine before the transmitter was replaced.

It is hard for some people to accept that a measurement in an operating system is not the ultimate mea-
surement environment. Yet the issues of noise, resonance, reflections, crosstalk and radiation are all
largely a result of the specific system implementation details. These details are not transportable to other

system implementations. This, and the lack of control over the analog stimulus properties, render system
environments suboptimal for verifying that specific link components are compliant.

A goal of having signal specifications is to enable interchangeable components that together,produce a
operating link in a system. This requires that any collection of compliant components when assembled int
a link in a system will work with acceptable bit error ratios. Therefore, specifications for components nee
to assume worst case inputs and minimal outputs. And the component specifications need to be indepen
dent of specific system implementations while at the same time including all the system effects mentione
above. Even though having both inclusion of system effects and independence from specific systen
effects is mathematically exclusive at the same time, some attempts to include system effects in compo
nent measurements have been made as stated in [13.3].

| == > —
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Measurements in a system environment reflect only the behavior of that specific system and the result
should not be assumed to apply to other systems.

1°2)

13.3 Component considerations

Some progress has been made towards having component specifications anticipate the system environ
ment. However, the industry has not yet broadly adopted gven these. This subclause lists some exampleg
of component considerations as related to system implementations.

In a duplex link interconnect SFF-8410 [23] and‘FC-PI-n [1] require that the link not under test be activ
while the link under test is being measured. That ensures that some of the first order crosstalk effects ar
included in the measurement.

O ®

SFF-8415 [24] requires that eye measurements on interconnect assemblies be valid at data rates 10 9
above and 10 % below the nominal data rate as well as at the nominal data rate. This ensures that ther
are no important suckouts nearthe data rate. This requirement also provides some protection against th
actual link length between the transmitter and receiver being different from the cable assembly lengt
because of board traces between the cable assembly and the link termination in the system.

= 0P~
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FC-PI-n requires that coemponents be measured with nearly ideal link termination attached on both ends (
there are two ends\and on the downstream side for transmitters and on the upstream side for receivers).
This allows the-link’'component specification to exist independent of the actual components attached to th
component under test in the system implementation. It also forces the impact of the attached component
not having.deal termination onto the attached components. While that may seen unfair at first sight, con|
sider that'the attached components not having nearly ideal termination are the cause of the impact. Pres
sure-te eliminate the negative effects caused by non ideal termination needs to be on the component that
has'the ability to make it better.

T U
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and signal tolerance at the same interoperability point. These differences arise because components on
both sides of the interoperability point each are allowed independent tolerances for properties. For exam-
ple, in a simple d.c. system with two compliant components, if the downstream component has a lower
than nominal impedance and the upstream component has a higher than nominal impedance the signal at
the interface is reduced by both the upstream and downstream components. If the signal output specifica-
tion is measured with nominal impedance for the signal load the effect of the high impedance on the
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upstream component is included in the measurement. However, the signal will still not meet the minimum
amplitude requirement when a compliant, but not nominal, low impedance downstream component is used
in service. The output signal specification is increased to accommodate the worst case possible from com-
pliant components. This increase is effectively an interoperability penalty that would not exist if nominal
components were used. MJSQ does not specify the methodology for determining the interoperability pen-
alty values but this is planned as a topic for MJSQ-2. Extensive use of sophisticated simulations are
required for high-speed links.

When the components under test are an integral part of a PCB assembly FC-PI-n [1] requires that the PCB
be active during the signal measurements.

13.4 Instrumentation considerations

13.4.1 General

Instrumentation is the collection of hardware and software that produces a measurement result:\Data pro
cessing may occur prior to presenting the result. Among the properties of the instrumentation that ar
important to MJSQ are speed of data acquisition, digital representation of results, jitter introduced by th
instruments, impedance levels supported, fidelity of termination within the instrument‘at its connectorg
sensitivity to details of connector attachment (torque etc.), temperature sensitivity, filtering available an
granularity levels supported. A major distinction is made between instrumentation-that supports FC compl
ant or non-FC compliant data patterns. See also Annex A.

O—®
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13.4.2 FC compliant
Data patterns contained within FC frames or as non-frame primitives are,FC compliant. Operating FC link
require FC compliant data structures. Examples of FC compliant data’patterns are given in Annex A.

12}

13.4.3 Non-FC compliant
Data patterns generated from non-FC test instruments or.from FC ports not operating as part of a func
tional link that do not satisfy the protocol requirements far ftames, word synchronization, idle primitives angl
the like are non-FC compliant. Examples of non-FC compliant data patterns are given in Annex A.

13.5 Reference standards / calibration ¢onsiderations
One primary consideration comes from the properties of the launched signals used in the measurementd.
Since the properties of the signals at the recéiver are the only properties that matter to a configured an
operating system, it is critical that the measurements use launched signals into the interconnect that ar
the worst allowed. If launched signals used during the test are degraded more than that allowed then th
interconnect will be called on to cadse less degradation so that the result at the receiver will still be withi
specification. The use of excessively degraded launched signals places unfair burden on the interconnect.

= (oD

Conversely, if the launchettsignals are better than allowed, the interconnect may cause more degradatio
than allowed for the interconnect but still deliver compliant signals to the receiver. This condition permit
defective interconnect to be measured as good interconnect. The way to avoid these risks is to execute a
adequate characterization of the launched signals and to compensate in the test requirements for th
amount of excess goodness or badness in the launched signals. Figure 80 illustrates this general schemse.

o—=—0—=



https://standardsiso.com/api/?name=919b236fbe3de22e0f029fc4b1085e92

TR 14165-117 © ISO/IEC:2007(E) —-139 -

MOST
DEGRADED
RECEIVE

MOST DEGRADED

PART OF THE ALLOWED RECEIVE RANGE REDUCED BY THIS AMOUNT SIGNAL
ACTUAL LAUNCHED ALLOWED
S|GNAL\<_K>/+ INTEST
> /Vl—:l\

LEAST MOST LEAST MOST
DEGRADED DEGRADED DEGRADED 4 u u u g  DEGRADED
SIGNAL SIGNAL SIGNAL SIGNAL
ALLOWED ALLOWED ALLOWED ALLOWED
BY SPECIFICATION BY SPECIFICATION BY SPECIFICATION BY SPECIFICATION

LAUNCHED

AT
| INTERCONNECT

ﬁTRANSMIT SIGNAL RANGE ALLOWED BY SPECIFICATION
RECEIVE SIGNAL RANGE ALLOWED BY SPECIFICATION

< = = = ) RECEIVE SIGNAL RANGE ALLOWED IN TEST

<—>» AMOUNT LAUNCHED SIGNAL IS BETTER THAN
|:| THE WORST ALLOWED BY SPECIFICATION AND
THE AMOUNT BY WHICH THE ALLOWED
RECEIVER RANGE IS REDUCED FOR THE TEST

Figure 80 - General allowed range calibration strategy

13.6 Test fixture compensation and calibration {ssues

13.6.1 Overview

The test fixtures and adapters described in Annex,A are assumed to be largely ideal in their ability t
deliver the designed transformations. Real test fixtures may have special properties that present a primar
risk to the integrity of MJSQ measurements due'to unknown or unexpected effects on the signal by the tes
fixture. Subclause [13.6] explores some of ttiese effects and responses.

=4
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13.6.2 Compensating and non-compensating test fixtures
In some cases the launched signal‘may be unintentionally improved if the test fixture compensates for the
component under test by introduc¢ing degradation of the parameter in the opposite sense from that intrg
duced by the component under-test. This type of degradation is termed compensating degradation. If com|
pensating degradation is-present, it gives a false sense of goodness in the component under test. When
the same component under test is used with launched signals from other test fixtures and transmitters hav
ing non-compensating degradation the resulting component performance may be seen to be much worse

17

Characterizing_test fixtures via S parameter methods is recommended to minimize the occurence of com
pensating degradation. Compensating test fixtures above the intrinsic measurement error are not accept
able.

13.6.3 Detection and correction of test fixture degradation effects

In.the copper case compensating degradations are easy to detect and correct by simply reversing the con
nection sense and re-measuring as specified in SFF-8410 [23]. The sense reversal may be required in the

test fixture due to connector keying and other practical issues. Granted, a small part of the degradation
could be caused by different amounts of misalignment of the copper contacts with resulting slight changes
in balance and contact resistance. But in the copper case there is generally only a single direction of mis-
alignment possible. In the optical case there is a continuum of “directions” for the compensating degrada-
tion that may exist and that results in a more complicated detection and removal scheme. These schemes
should be described as part of the testing procedures.
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In the optical case the basic approach described in SFF-8412 [25] and available for use in this document is
to define and use “golden” hardware for the test fixture side and to develop empirical and theoretical
extrapolations to the worst case for application use. The failure limits during the test with the golden hard-
ware are significantly more stringent than for the performance expected with worst case hardware.

13.6.4 Correction for golden test fixture effects

Figure 81 shows that in addition to the properties of the optical source being better than allowed, the deg-
radation caused by the test fixture being less than allowed also needs to be subtracted from the allowed
receive signals.
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Figure 81 - Compensating degradation calibration strategy

13.6.5 Connector type adapters

When dealing with real systems one is faced with a variety of connectors that are incompatible with eac
other. This condition invites'the use of adapter connectors that allow sources and instruments to be use
with a variety of connegtors. If adapter connectors are used, they introduce additional interfaces eac
capable of introducing ‘compensating or non-compensating degradation that needs to be accounted for.

[~ =

For this reasentis desirable to design the test fixtures using the same type of connector used on the inter
connect under'test. If adapters are used then the connector that connects directly to the component unde
test becomes the new starting point for the test fixture. This connector needs to be a golden connector fo
opticahapplications since it is part of the test fixture.

=

=

Figure 82 illustrates the use of an adapter as part of an optical test fixture used for measuring a fibre unde
test or FUT,

Connector type adapters may be the only practical approach for inputs to scopes and other expensive
equipment. In this case, the adapters used shall be “calibrated” adapters (traditionally provided by the
instrumentation manufacturer) that are considered part of the instrumentation.
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Figure 82 - Use of passive adapters as part of\the optical test fixture

13.7 Data output format considerations
Results from MJSQ measurements may be presented graphically or numerically. Numerical results shoul

use the same units for the same measurement types to-enable easy comparison with results from indepent

dent measurements. Graphical results should use.the same scales on the axes even if the detall is not a
clear for some samples on the common scale.‘High magnification scales, auto scales and inconsisten
scale units all serve to make comparisons difficult. Specialized scales may be used in addition to commo
scales but the common scale should always-be presented as the primary data presentation method.

This document suggests the units and scales that may be used as common for the measurement type
that are documented in detail. See;y.for example, clause 14 and figure 87.

-7 o

o7
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14 Detailed implementation examples

14.1 TIA for optical gamma T at switching threshold for FC Ports

14.1.1 Overview of measurement and strategy

This clause describes optical Gamma T test for FC Ports as a level 1 test (i.e., a required performance
measurement that has pass-fail limits specified) based on Timing Interval Analysis (TIA). Basic TIA mea-
surements are described in 10.5. Assumptions for the Gamma T measurement described in this subclause
are the following.

a) The measurement s appiicable toany FC Port(i-e-, ay Need imitiatizatiorn, comptiant traffic):

=

b) The crosstalk in the Port under test is not a function of the input optical amplitude on the féceivel
side of the Port (i.e. limiting amplifiers are assumed in the receiver circuitry).

c) There is no separate timing reference signal available from the Port.

The Port under test is connected to at least one other FC Port that provides all the protocol support needed
to make the FC Port under test fully active.

This test is described with the timing events occurring at the nominal switching threshold level only. Signg
behavior at other levels may use some of the methodologies described inhis clause but the timing refer
ence shall follow the requirements specified in 6.8.

There are three measurement options defined for executing this tést:

1) TIA no clock, no marker (example of preparing for stafistical bin analysis in table 5);

2) TIA with Golden PLL bit clock (example of building’'a PDF form in table 5);

3) TIA with pattern marker (armed-on-bit-sequence) (example of preparing for sequential time
analysis in table 5).

Each option uses the basic TIA methodology but'with different schemes for acquiring the data.

D

In the clockless - markerless TIA option every signal transition in the data stream is available and all the
timing behavior present in the signal is teflected in the raw data resulting from the measurement. Elimina
tion of low-frequency content is donetby post processing the raw data. See 10.5.4.2.

In the TIA with a Golden PLL option the low-frequency content that would be tracked by the receiver i
eliminated from the data stream by the Golden PLL before being presented to the TIA. This removes th
need for post processing but introduces the need for the Golden PLL.

o0

In the pattern markéer)TIA option data is acquired only after a specific bit sequence is detected. This allow
examination of spécific parts of a data stream (such as within frames or between frames) for a focuse
measurement.~This option reveals all the timing behavior for the part of the bit stream examined. Thi
method epables examination of the test data pattern only (i.e. the data pattern required for complianc
testing).

O— 00—

This option also enables significant diagnostic (level 2) information concerning the data transition density,
the'relation of the DJ timing to specific bits and the power spectral density of all the uncorrelated jitter com
ponents: unbounded (= Gaussian, = RJ) and BUJ.

These measurements assume that the FC Port is good enough to complete the normal initialization
sequence either with itself through a retiming hub or to another FC Port and that the initialization sequence
has completed.

The other Port shall not inhibit the Port under test from transmitting a continuous stream of output.
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The payload in the frames shall be capable of carrying the following patterns defined in Annex A:

CJTPAT, CSPAT, CRPAT. In addition, continuous idles shall be used. The reported jitter number shall be
the worst of the above.

This scheme requires detecting the optical signal coming through the mated optical connector on the
external side of the optical connector as shown in Figure 83. The mating connector used for this test is part
of the interconnect that accesses the optical measuring equipment. It is assumed that this connector on
the interconnect cable is representative of the connectors that would be used in service.

GAMMA R
OPTICAL /
CONNECTOR
N }Z
- . > GBIC
GAMMA T COPRER
CONNECTOR

D SEPARABLE CONNECTORS

Figure 83 - Physical location of Gamma points (in a GBIC example)

14.1.2 Test fixtures and measurement equipment

The basic test configuration for.alloptical Gamma T measurements is shown in Figure 84. It requires an
optical to electrical conversion somewhere in the measurement equipment. The optical to electrical con
version may take place within.the TIA instrument. In this case, the optical to electrical conversion hardwar
is considered part of thelmeasurement equipment.

1172
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OPTICAL GAMMA T POINT UNDER TEST

FC PORT USED TO \: EC PORT
ACTIVATE FC PORT — UNDER TEST

UNDER TEST i -

NOTE: THIS FC PORT
MAY BE SPLIT BETWEEN
TWO PORTS IF USED WITH
LOOP PROTOCOL DEVICES]

ON MODE
SELECTIVE
SPLITTER

MEASUREMENT
EQUIPMENT

TEST FIXTURE

Figure 84 - Test fixture and basic test\configuration

This configuration assumes that the FC port under test may ‘enly be activated by connection to another F(
port. If the port under test may be activated through a special out of band test mode then the output ma;
be connected directly to the measurement instrument;\Note that the input signal to the FC Port under teg
is still required in this case to include the crosstalk effects from the receiver on the transmitter.

— o~ V7

14.1.3 Option 1 - optical TIA no clock;-no marker

14.1.3.1 Option 1 overview

TIA option 1 uses an instrument that incorporates all the required conversions and reference timing extrag
tions. It captures all the timing contént available at the nominal receiver detection threshold without filtering
or preference to any specific part of the data stream.

14.1.3.2 Option 1 testfixture
The test fixture described in Figure 84 is used.

14.1.3.3 Option 1 measurement equipment

In this option-n0/Golden PLL or bit sequencer equipment is required. The measurement equipment in Fig
ure 84 is shown in detail in Figure 85.
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OPTICAL CONNECTOR

ATTACHED TO THE
O/E
FROM OPTICAL
SPLITTER [Ty]OPTICAL TO TIMING
N ELECTRICAL INTERVAL
CONVERTER ANALYZER
(O/E) (TIA)

OPTICAL CONNECTOR
ATTACHED TO THE
TEST FIXTURE CABLE

Figure 85 - Option 1 measurement equipment detail

The specifications listed below for option 1 measurements do not constitute the entire set that applies t

the hardware described. Some equipment specifications for signals@p-to 3,2 GBd are listed below for ref

erence. Refer to the manufacturer for the complete set of specifications.

Optical to electrical converter:
Wavelength

Bandwidth

Filter

Optical Input Data Rate

TIA:

Frequency range
Maximum data rate
Hardware resolution
Jitter noise floor

Controlling_application software:
Revision

800 to 1650 nm

DC t0"5'GHz

4th order Bessel Thomson
up to 3,2 Ghit/s

(or)
0,4 Hz to 1,63 GHz
3,2 Ghit/s
680 fs
<3ps

Suitable for the TIA being used

0,4 Hz to 3 GHz
4.5 Ghit/s

200 fs

<2ps

Adequate to meet the requirements of MJSQ

GPIB tabling is installed from OE and TIA to PC installed with application software. If no PC is
used cabling is installed between the OE and the TIA. The TIA may have built-in application con-

trol software.

Cabling between OE and TIA:

=4

Cable typeStrip braid coaxial

Impedance50 Q

Cut-off frequency2,0 GHz

Maximum attenuation24,9 db/100 ft at 3 GHz
ConnectorsSMA
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14.1.3.4 Option 1 calibration

For details of the theory of calibration for the instruments required for this measurement refer to the manu-
facturers user manual.

The TIA specified in 14.1.2 is equipped with an internal calibration source for calibrating input channel cir-
cuitry. The internal calibration is necessary to calibrate internal timing circuits that provide the high resolu-
tion for time measurements. A 30 minute internal calibration is recommended.

An external calibration is also performed on the TIA to establish zero reference points to be used by subse-

quent measurements. The external calibration process calculates and compensates for delays from cable
skew, inrlllding the r‘irr‘llirry all the way to the Ingir‘ inside the TIA_ Inthe case of ﬂln’rinn 2 the external cal-

ibration is re-performed if cabling to the TIA is changed to maintain the correct clock to data time relation
ship.

Use the following steps to set up the calibration:
Ensure proper GPIB cabling exists between the OE and TIA (and PC if required);

TIA:
Allow the TIA to warm up for at least 30 min.

Perform an internal calibration per the TIA and application User’s Manuals-It is recommended to perform
calibration using a multiplier factor of 6 in the calibration dialogue box of the application software tp
obtain the suggested 30 minute calibration.

Perform an external calibration per the TIA User’s Manuals;

OE:
Remove all cabling from input and output portsto facilitate dark current calibration.

=

Perform a daily dark current calibration Via the application software per the OE and applicatio
software User’'s Manuals.

14.1.3.5 Option 1 measurementprocedure
Set up the measurement configuration as shown in Figure 86.



https://standardsiso.com/api/?name=919b236fbe3de22e0f029fc4b1085e92

TR 14165-117 © ISO/IEC:2007(E) - 147 -

NON MODE-SELECTIVE

SPLITTER
FCPORT A o \ O — | FCPORT
‘O \ O OR RETIMING
T \ »| ¥ »{>Rx | HUB
GAMMA T
LINDED TECT
TIA
OE
IN  ouT
CH1 ARM 1 T
L [ ]
A O

Figure 86 - Option 1 measurement setup

In the following, bold underlined text denotes buttons or menu items typically available in the applicatio
software.

Set up OE options appropriate for measurement being.made using Utilities selection in the software mai
menu. Options include choosing whether or not to amplify the output coming from the fibre optic couple]

and selecting from either 4™ order Bessel-Thompson filters for 1X or 2X speeds or full bandwidth (no filter).

The TIA measurement set up is accomplishethin the dataCOM tools of the application software by select-
ing Random Data No-Marker. Verify software options are appropriate for measurement. Under Acquire
Options, verify that the high-pass filtercorner frequency is set at 637 kHz for 1X Fibre Channel or 1274

kHz for 2X Fibre Channel and that BER is set for 10712, All other software options should be at default set
tings.

While under the Random-Data No-Marker selection in dataCOM tools of the application software, seleg
Single Acquire from the'top toolbar to acquire DJ and TJ values for compliance testing.

14.1.3.6 Option1 data output format
By selecting_the "appropriate View, a Bathtub Curve (CDF) may be obtained. Jitter values such a
DCD+DDJpipk: RJ (1 sigma) and TJ may also be displayed on the plot corresponding to 10?2 BER a

shown.in¢Figure 87. Effective Jitter (as described in clause 8) was also enabled and plotted. The scale
and_number of displayed divisions are always as shown in Figure 87.

= =
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1"10e-4

1*10e-

1*10e-12

1"10e-16
15U ol 05U 1l 15U

Figure 87 - Data output format for Option 1 measurement

The presentation in figure 87 is used as an output format example but the aCtual data pattern was repeat
ing K28.5 and data was acquired only to the 1E-4 level. This level is adequate for this data pattern bu
would not be adequate for the CIJTPAT that is required when measuring.CDF's for level 1 purposes. Th
curves are asymptotic to the transition density (typically 0,5) although-they appear to be asymptotic to 1,
due to the scales used.

O T

A summary screen may also be obtained with units expressed in Ul, as shown in Figure 88. The measured
DCD+DDJ peak-peak and RJ (1 sigma) values acquired with this method may be compared to the effeg
tive jitter values.

Random Data-No-Marker Summary
DCD+DDJpeak-to-peak RJ(1sigma) TJ
0,056#09 Ul 0,006 652 Ul 0,136 903 Ul

V1: -0,002 54V V2: -0,00254V
Effective DCD+DJpk-pk Effective RJ(1sigma)
0,033 771 Ul 0,007 132 Ul

Figure 88 - Summary for Option 1 measurement

14.1.3.7 Option 1 acceptable values

The level 1 effective DJ and TJ using this method is compared against the maximum jitter specified in the
applicable standard. Note that the calculation for the level 1 values of DJ and TJ as required in clause 8 is
done internal to the instrument.
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14.1.4 Option 2 - TIA with Golden PLL bit clock

14.1.4.1 Option 2 overview

A Golden PLL is required to provide a reference clock derived from the data stream to arm the time interval
analyzer for option 2. This scheme effectively removes low frequency content from the measured data in a
manner similar to that done in a receiver. The configuration used for option 2 is shown in Figure 89.

OPTICAL CONNECTOR
ATTACHED TO THE

aYi=
FROM OPTICAL
SPLITTER [y]| OPTICAL TO
ELECTRICAL POWER TIME
— CON\éI/EERTER SPLITTER “| INTERVAL
A (O/E) ANALYZER
|—> GOLDEN PLL > (TIA)

OPTICAL CONNECTOR
ATTACHED TO THE
TEST FIXTURE CABLE

Figure 89 - Configuration for option 2measurements

14.1.4.2 Option 2 test fixture
The test fixture shown in Figure 84 is used for the option 2’measurements.

14.1.4.3 Option 2 measurement equipment

The measurement equipment required for option 2'is identical to that specified for option 1 in 14.1.3.3 with
the additional equipment listed below.

Electrical power divider (splitter):

ConnectorsSMA

Impedance50 Q
Cut-off frequencyDC - 18 GHz

Golden PLL:meets thé specifications in 6.10
Connectorsexpect SMA
Impedanceexpect 50 Q

14.1.44 Option 2 calibration procedure

The calibration procedure for the TIA instrumentation used in option 2 is identical to that specified fg
option 1 in 14.1.3.4. Use the manufacturer’s specifications for calibrating the electrical power divider and

]

the Golden PLL.

14.1.4.5 Option 2 measurement procedure
The Option 2 measurement configuration is shown in Figure 90.


https://standardsiso.com/api/?name=919b236fbe3de22e0f029fc4b1085e92

—150 - TR 14165-117 © ISO/IEC:2007(E)

rx <l O X | FC PORT
FC PORT O O OR RETIMING
1R »| 50/50 »[> R [ HuB
\ COUPLER
GAMMA T
UNDER TEST O OF
| IN OuT |
J
POWER
PLITTER [
GOLDEN
TIA PLL
IN QuT
<
CH1 CH2

Figure 90 - Option 2 measurement setup

Set up OE options appropriate for measurement being made using Utilities selection in the software mair
menu. Options include choosing whether or not to amplify the output coming from the fibre optic coupler

and selecting from either 4™ order Bessel-Thompsof filters for 1X or 2X speeds or full bandwidth (no filter).

Measurement set up is accomplished in the;software by selecting Random Data w/ Bit Clock. Unde
Tail-fit, verify that BER is set at 1012, All'other software options should be at default settings.

While under the Random Data with Bit Clock selection in the software, select Run from the top toolba
panel to acquire DJ and TJ valdes*for compliance testing.

14.1.5 Option 2 data.eutput format

By selecting the appropriate View from the software side menu, a Histogram of jitter data on rising an
falling edges may he.obtained, as shown in Figure 91. This is rendition 1 of option 2 data output format.

=
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Figure 91 - Option 2 data output format rendition 1 - histogram
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Because the clock-to-rising data and clock-to-falling,data is measured separately and with the clock in th
same bit time as the data edge, it is possible tg‘determine DJ, RJ and TJ with respect to the recovere
clock. The skew between the clock-to-rising data and the clock-to-falling data is the shift in the two distribu
tions.

By selecting the appropriate View from.the software side menu, a composite output is obtained as show
in figure 92. This is rendition 2 of data output format for option 2 measurements. The format for the outpu
always uses the scales shown.(Three results are shown: (1) Bathtub Curve (CDF), (2) jitter values corre

sponding to 1012 BER such as DJ, RJ and TJ and, (3) Effective Jitter. This is based on post-processin
time interval data in the same manner used by BERT scan method. In this example the Bathtub curve out
put and the Effective ditter are nearly identical so only small differences may be seen. Note that effectiv
jitter is a level 1 result ifthe instrument uses the formulae in clause 8 for the calculation.

o

—

1%
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1*10e-4

1*10e-8

1™10e-12

1*10e-16
-0,5U1 oul 0,5L1 Tl 1,501

Figure 92 - Option 2 data output format rendition 2 - bathtub curve

The presentation in figure 92 is used as an output format example but the actual data pattern was repeat
ing K28.5 and data was acquired only to the 1E-4-level. This level is adequate for this data pattern bu
would not be adequate for the CITPAT that is\required when measuring CDFs for level 1 purposes. Th
curves are asymptotic to the transition density (typically 0,5) although they appear to be asymptotic to 1,
due to the scales used.

A summary of the measurement statistics may also be obtained, as shown in Figure 93. Values in thi
example are displayed in ps, hut;yay also be displayed Ul. Normalized goodness-of-fit (XZV) values ar

reported for both the left and right tail fit curves to the underlying jitter data histogram, corresponding t
Lt-rmsJ and Rt-rmsJ.

This method measured 90,237 ps of TJ, 18,081 ps of DJ peak-to-peak and 5,291 ps Avg-rmsJ. The latte]
two values may‘be compared to the level 1 (see clause 8), Effective Jitter values of 10,245 ps O
DJ peak-to-peak and 5,739 ps of RJ (1 sigma).

O 0= T

0"

=4

—+
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Random Data wW/Bit-Clock Summary
DJpk-pk Lt-rmsJ Rt-rmsJ Avg-rmsJ TJ Hits
18,081 ps 5,664 ps 4,917 ps 5,291 ps 90,237 ps 70395

Average Goodness-of-fits 1-Sigma Pk-Pk Maximum Minimum

463,704 ps 1,189 504 1,025 072 9,762 ps 53,101 ps 487,061 ps 433,96 ps
V1: -0,02039V V2: -0,007 76 V

Effective DIpk-pk Effective RJ(1sigma)

10,245 ps 5,739 ps

Figure 93 - Option 2 data output format rendition 3 - Summary statistics

Hits is the total number of samples measured.

14.1.5.1 Option 2 acceptable values
Acceptable goodness-of-fit values (XZV) for 3¢ probability confidence level (~1O'4) should be in the range g
0,8< sz <1,2. The level 1 effective DJ and TJ using this method is-compared against the maximum jittej

specified in the applicable standard.

14.1.6 Option 3 - TIA with arming on bit sequence

14.1.6.1 Option 3 overview
The basic test setup for option 3 is shown in Figure<94. The bit sequence detector (arm generator) pro
vides pattern detection of the data Start of Frame-and generates a marker to be used as an arming signg
for the TIA.

ORIICAL CONNECTOR
ATTACHED TO THE

OIE

BIT
SEQUENCE
FROM OPTICAL DETECTOR

SPLITTER[Ty| OPTICAL TO
ELECTRICAL ARM
—> CONVERTER DATA
I (O/E) TIA

OPTICAL CONNECTOR

ATTACHED TO THE
TEST FIXTURE CABLE

Figure 94 - Option 3 configuration
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14.1.6.2 Option 3 test fixture
The test fixture shown in Figure 84 is used for the option 3 measurements.

14.1.6.3 Option 3 measurement equipment
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The measurement equipment required for option 3 is identical to that specified for option 1 in 14.1.3.3 with
the additional equipment listed below.

Arm Generator specifications:
Data rates for pattern match

Data rate range for edge count

1,062 5 Gbit/s, 1,25 Gbit/s, 2,125 Gbit/s, 2,5 Gbit/s
up to 2,5 Gbit/s

14.1.6.4 Option 3 calibration procedure
The calibration procedure for option 3 is identical to that specified for option 1 in 14.1.3.4.

14.1.6.5 Option 3 measurement procedure

Set up the configuration shown in figure 95.

HOST
BUS
ADAPTER

RX <]

@

50/50

X

COUPLER

TX | FCPORT
QR/RETIMING

> Rx-} HUB

GAMMA T
UNDER TEST

OPTICAL TO ELECTRICAL
CONVERTER

IN  OUT

TIA

CHL

ARM1

ARM GENERATOR

PICKOFF CH ARM
IN OouT OouT

Set up. OE options appropriate for measurement being made using Utilities selection in software mai
menul. Options include choosing whether or not to amplify the output coming from the fibre optic couple]

and selecting from either 4™ order Bessel-Thompson filters for 1X or 2X speeds or full bandwidth (no filter).

Figure 95 - Option 3 measurement configuration

=

Measurement set up is accomplished in the software by selecting Known Pattern with Marker. Verify that

the OE and the arm generator have switch settings set to Remote to enable the software control via GPIB.

Setup for the arm generator is conducted via the Utilities function in the software: Select Pattern Match
mode for patterns contained within compliant Fibre Channel frames such as CRPAT and CJTPAT. Load the
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Pattern desired, verify Speed, Protocol, as well as channel and arm ports corresponding to Figure 36. In
the Automatic Marker Placement menu, press Perform Placement to place the pattern marker in a low
transition density portion of the pattern.

Verify that other software settings for the OE and TIA are appropriate for measurement. Verify the pattern
selected. Under the Known Pattern with Marker dataCOM tool selection and under Acquire Options,
enable the Quick Mode option to improve throughput. In DCD+DDJ Setup, verify the DCD+DDJ HPF
(High Pass Filter) is enabled with corner frequency set at 637 kHz for 1X Fibre Channel or 1274 kHz for 2X

Fibre Channel. Under View Options, verify that BER is set for 1012, All other options should be at default
settings.

While under the Known Pattern with Marker selection in the software, select Single Acquire from the.top
toolbar panel to obtain DJ and TJ values for compliance testing.

14.1.6.6 Option 3 data output format
By selecting the appropriate View from the menu, a composite output is obtained as shown in Figure 96.
This is rendition 1 of data output format for Option 3 measurements. The format for the output always use
the scales shown. Three results are shown: (1) Bathtub Curve (CDF), (2) jitter valies' corresponding t

1012 BER such as DJ, RJ and TJ and, (3) Effective Jitter. This is based on post;processing time intervg
data in the same manner used by BERT scan method. In this example the Bathtub curve output and th
Effective Jitter are nearly identical so only small differences may be seen. Note that effective jitter is
level 1 result.

O—O——C— "

1*10e-4

1*10e-8

110e-12

1%10e-16
0,501 oul 0,501 wl 1,501

Figure 96 - Option 3 data output format rendition 1 - Bathtub curve

A summary of the measurement statistics may also be obtained as shown in Figure 97. This method med
sured 0,088 133 Ulef DJ pk-pk, 0,005 252 Ul of RJ (1 sigma) and 0,150 371 Ul of TJ. The measured DJ
and RJ values may,be compared to Effective Jitter values of 0,051 117 Ul of DJ pk-pk and 0,006 971 of RJ
(1 sigma).
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Known Pattern w/Marker Summary
DCD+DDJ PJpk-pk DJpk-pk RJ(1sigma) TJ
0,082 Ul 0,006 133Ul 0,088133UlI 0,005252Ul 0,150 371 Ul
V1: -0,00206 V V2: -0,00206 V
Bit Rate: 2,124 993 Gbit/s
Effective DIpk-pk Effective RJ(1sigma)
0,051 117 Ul 0,006 971 UI

Figure 97 - Option 3 data output format rendition 2 - Summary

14.1.6.7 Option 3 acceptable values

The level 1 effective DJ and TJ using this method is compared against the maximium jitter specified in th
applicable standard.

1%

14.2 Electrical Gamma T using a real time oscilloscope

14.2.1 Overview
This method utilizes a real time oscilloscope with Serial Data Compliance and Analysis software to perforn
a compliance test to the FC-PI-2 specification at (2,125 Gbhit/s)¢ A real-time eye diagram is presented along
with a bathtub curve plot. Measurement results include Amplitude, Timing and Jitter measurements along
with a Pass/Fail statement to the specification limits in the 'standard.

-

This data rate is offered as an example. Testing at other data rates is similar.

The data pattern is a CJTPAT (2,640 bits) repeating pattern. Waveform masks and measurement limits
may also be imported for Pass/Fail testing:

The Golden PLL requirement is implemented in software internal to the instrument in this example.

14.2.2 Test Fixture and termination

This method assumes that the ink is broken at the Gamma T test point, a test fixture is used to adapt th
link to a 100 Q differentiakend-to-end termination (50 Q/side). If a 150 Q transmitter is used the method
described in Annex A may be used on the test fixture to convert to the 100 Q instrumentation environment.
This measurementmay be done in two ways with a real-time oscilloscope. The first method is to terminat
each side of the differential signal into Chl and Ch2 of the oscilloscope and make measurements on th
“pseudo-differéntial” Ch1l minus Ch2 waveform.

U

oo
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50 Q2

Termination

SMA_connectors

Transmitter |
¥

I <

/ ON 50 ) SMA Cables
/ A\
/ SMA Adapters
Serdes Connector Test Fixture

Figure 98 - Test fixture and termination Option 1

A second method is to use a SMA input differential active probe. The diagram for this probe is shown i
Figure 99.

CH1 CH2
o o

Voire = CH1

Transmitter Test Fixture

+ TN

Oscilloscope Ground
Serdes Connector Vem Connection

Phase Matched
SMA Cables

50 Q

50Q

Figure 99 - Test fixture and termination Option 2

14.2.3 Measurement Equipment

oA AAL P . 1
SVIATTTITPUL UTTTeTreTitlalr mTUyucT.

Bandwidth:5 GHz
Risetime (20 to 80):65 ps
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Oscilloscope

NOTE The acquisition system required for the analysis within the RT scope may be fundamentally different than what
exists in some RT scope instruments.

System Bandwidth:4 GHz
Sample Rate:20 GS/s
Record Length:32 Meg

System Risetime (20 to 80)
75 ps system BW with probe

Analysis Software
Suitable for a real time oscilloscope jitter measurement

14.2.4 Measurement Procedure
The procedure described below is derived from a specific instrument and software package.-Achieving th
desired function may be different for different instruments and software packages.

1%

1) Connect Device Under Test (DUT) to Channel 1 of the oscilloscope using'the differential probe
is shown in figure 99.

5) Press the Default Set-up button on the oscilloscope to start from.a known state.

6) Press front panel AUTOSET button to view waveform.

7) Run Application > Serial Compliance and Analysis from, Oseilloscope File menu. Perform

the following setup sequence.

8) From Measurement > Select menu, select desired Amplitude, Timing and Jitter Measurementg

(figure 100). Jitter at BER measurement is selected to perform Spectrum approach to jitter

specified in 10.6.3 and yields the level 2 RJ, DJ (and.its components) and TJ results.

Figure 100 - Real time waveform display

From the softwase application, press Autoset, this will scale the Vertical Scale and Ref Level for best mea
surements,

Set harizontal Scale to capture 20 ps (2 ps/div) at 50 ps/pt. This represents 42,500 consecutive unit inten
vals©=-enough to capture 100 epeats of the jitter test pattern that is required by the spectrum approach fo
accurate jitter measurements.

=

In the Measurements > Configure > Jitter menu (shown In figure 101), select FC2125:2,125 GDbit/s as
the standard specification. This sets the corner frequency for the software based Golden PLL. Also confirm

that the BER is 1012 and that the pattern is CJTPAT.
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ing ""._|iﬂer “Population Serial Analysis
Clock Recovery Rj/Dj Start Stop

PLL Loop BW BER = 1e-? :
Method Standard : b 12

PLL: Standard By ™ C I Pattern Type Clear Resulis

CUTFAT el 100

Pattern Len
Moile

Single Run W

ﬁenu: Meas->Config Hint: Select the clock recovery and jitter method. /\

Figure 101 - Controls for setting the measurement and analysis parameters,<\ :

N
Go to the Plots Select Menu and Select Eye Diagram and Bathtub Curve as plots. The %&2’5 Gbit/s mas

may be imported as a user mask. Press Start. b:\
N

14.2.5 Measurement results Q.

The results of the measurement are shown in figure 102. &

O
&
\\

zer Mazk: FC2125E Abs Gamma Tx.msk

O.

%\ Figure 102 - Measurement results

1%

The real tlQe eye diagram and the jitter CDF/BER bathtub curve are shown as plots. These plots could b
expor YB a separate system to calculate the level 1 DJ and TJ compliance values specified in clause §.
Ho r, In this example it is assumed that the calculation for DJ and TJ is executed internally to th
j{%ment and uses the method described in clause 8 as any other method produces a level 2 result.

2 _ R

eye diagram is compared to the jitter mask. The jitter eye opening is also shown relative to the actual
waveform eye opening. Amplitude, timing and jitter measurements are shown on the bottom of the display.
The time scale on timing measurements may be toggled from time to Ul scale in order for comparison to
the specification. In the measurement summary view, measurements for jitter eye opening, total jitter (TJ)
and deterministic jitter (DJ) are displayed.

1%
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Statistics for these measurements Mean, Min and Max are available for a single acquisition if the sequence
control is set to Single Run and multiple acquisitions if the sequence control is set to Free Run. Measure-
ments for level 2 DDJ, ISI, PJ and RJ are available by pressing the Details button and selecting Jitter at
BER from Measurement Details pulldown menu. Other signal quality parameters are measured as well,
such as rise time, fall time, bit rate and differential voltage.

14.3 Optical and electrical Gamma T using a jitter optimized sampling oscilloscope

14.3.1 Overview

The following describes a jitter test procedure using a wide-bandwidth equivalent time sampling oscillo-
scope. The hardware acquisition system is updated from the classical equivalent time sampling oscillo-

scope to allow efficient sampling in the context of jitter measurements, thus allowing the procedure tojb
performed in a short time duration. The procedure describes the pattern requirements, interface 1oth
measurement equipment and equipment configuration. Upon completion of the test, the cumulative distr
bution function is reported as well as random and deterministic jitter components.

o

A 2X (2,125 Ghit/s) electrical and a 10X (10,5 Ghit/s) optical signal is used for this example, but the gen
eral procedure is valid for data rates below and above this rate such as 1,062 5 Gbit/s and>4,25 Gbit/s. Th
data pattern must be continuously repetitive for an equivalent time oscilloscope. In this example, CRPAT,
CSPAT and CJTPAT sequences are analyzed and compared.

\1%

14.3.2 Measurement configuration

For an optical Gamma T measurement, the signal may be derived through<@- coupler as shown in figure 84
or directly connected to the oscilloscope as shown in figure 103. The equivalent time oscilloscope require
a trigger (time reference) for precise sampling to occur. The trigger-may come from a reference clock a
shown in figure 103 or may be derived from the signal under test via a Golden PLL as shown in figure 104.
If the configuration in figure 103 is used for level 1 purposes one must add the effects of the Golden PLL in
software via methods not specified in this document. The canfiguration shown in figure 104 is the one dod
umented for producing level 1 CDFs.

00—

Mainframe
Trigger input T—— o Xolo o
A \
Optical BUT Q
Optical input
Reference module
Clock

Figure 103 - Reference clock trigger configuration for optical DUT
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Mainframe

o o

Trigger input T——»o0 |0 olo%o

A
Optical DUT VRN > //
U / Golden PLL +
Recovered clock optical input
module

Figure 104 - Golden PLL trigger configuration

For an electrical Gamma T measurement, the 100 Q differential lines are connected to two channels of th
oscilloscope through phase matched cables as shown in figure 105. The “instrument produces
pseudo-differential signal through a subtraction math function. (Alternativelyf for signals below 4 Ghit/s, th

two lines may be connected to a differential SMA probe head).

Triggering may be achieved with a reference clock as shown in figure 105 or a via a Golden PLL cloc
derived from the signal under test as shown in figure 106. If the canfiguration in figure 105 is used for leve
1 purposes one must add the effects of the Golden PLL in software via methods not specified in this docu
ment. The configuration shown in figure 106 is the one docmented for producing level 1 CDFs. The cloc
recovery module is single ended and may accept the diffeential signal from the probe to derive the clocK

passing the signal into a single oscilloscope channel,

Mainframe
Trigger input T———» o olo o
A
Electrical
DUT
Reference
Clock

(D

Figure 105 - Reference clock trigger configuration for electrical DUT
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Mainframe

Triggerinput T———>o0o [0 o ofo
|
l

Electrical Ditferentia
DUT Probe
Golden PLL Eclaeo(i?r?gallaanLp:t
Output
P Module

Figure 106 - PLL trigger configuration

14.3.3 Measurement equipment

Measurement equipment capable of executing the Enhanced EQ scope methodology from any supplie
may be used.

=

Oscilloscope:Instrument capable of executing the EnhancedEQ scope algorithm

NOTE The acquisition system required for the analysis withinithe Enhanced EQ scope is fundamentally different frory
what exists in ordinary EQ scope instruments.

=

Plug-in Channel

Suitable for the Enhanced EQ scope mainframe

System Bandwidth

15 GHz or 10 Gbhit/s reference receiver (filtered)

Golden PLL

Clock recovery module that meets the requirements in 6.10.2.

14.3.4 Measurement procedure
Connect the signals and tfigger according to the desired configuration.

Select the Jitter Mode (front panel key).

At this point thie'analyzer automates the remainder of the measurement process. The pattern length i
automatically detected. An effective pattern or frame trigger is produced by the instrument, allowing th
analysis.of¢each bit within the pattern. The oscilloscope will determine the uncorrelated jitter component:
throughhmeasurements at a few select bit edges. The oscilloscope will sequence through the entire patter
to determine jitter elements correlated to the pattern. The inherent problem of a relatively low sample rat
Jeading to excessive measurement times is mitigated through focusing the sampling process specificall
on data edges. For the shorter patterns in the 2 bit to 3 000 bit length, approximately 5 s are required t

o= 00"

COMpIete e entre Measurement process. For paterms i the 20000 bitTange, the Measurement process
takes approximately 20 s.
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14.3.5 Measurement results

14.3.5.1 Electrical Gamma T results at 2,125 Gbit/s

Measurement results for an electrical Gamma T operating at 2,125 Ghit/s using the CJTPAT, the CRPAT
and the CSPAT sequences are shown in this sub clause. The figures show typical level 2 outputs in the
form of the constituent components of jitter. The level 1 cumulative distribution function is reported sepa-
rately as are the level 1 DJ and TJ results (not shown). Note that the signal is required to pass the CITPAT
for level 1 purposes but other compliant patterns may be worse. The worst compliant pattern should be
used for level 1 testing.

Figure 10U/ shows results using the CJTFATL.
LN JEINP MEGSUE LioTdlE WUIES  ORip UTUBC A0S 153 =

ol Lf

G, Loy L =

Dt MRmeatie ] ; . O £ Graphs
Bit Rate: 2,175000 Gh/s  Pat Length: 2640 bi@‘ Div Ratio: 1:1 Sre: 74
i TJCIE=12%: 26,5 ps PALEFIH 9,2 RBJ{rmsh: 1,25 pg
1 IE PJCE-8): 3,4 ps DD p-p): ?Qs DD 1,6 ps
— L E ) I51{p-p}: 7,1 bs
A\
izt W @

Figure 107 - CJTPAT Electrical Gamma T results

Figure 108 shows the results using the CRPAT:
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Bit Rate: 2,12a000 Ghi's Pat Length: 3360 bits Diw Ratio: 1:1 Src: 74
TJE-12: 27,0 ps D §-8): 9.9 ps RJ{rms): 1,23 ps
PJiE-80: 3,4 ps DDJip-pi: 8,3 ps DCD: 1,0 ps
ISI{p-ph: 8,3 ns

e L8
-
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Figure 108 - Electrical Gamma T CRPAT results
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Figure 109 shows the results using the CSPAT.

1=
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14.3.5.2 Optical

Measurement results for an optical Gamma T operating at 10,518 75 Gbit/s using the CJTPAT sequenc

are shown in figure

of jitter. The level 1 cumulative distribution function is reported separately as are the level 1 DJ and T

results (not shown).
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Bit Rate: 2,125000 Gb/s  Pat Length: 20840 bits  Div Ratio: 1:1 Srcr 4
TJOIE-12): 27,3 ps DJ¢&-83: 10,0 ps RICrmsd: 1,24 ps
PJ{E-8): 3,4 ps DDJ{p-pi: 9,8 ps DD 1,1 ps
ISlp-m: 9,8 ps N
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Figure 109 - Electrical Gamma T CSPAT results

Gamma T results at 10,518 75 Gbit/s

110. Figure 110 shows typical level 2 outpdts in the form of the constituent component

00—

I il:lLIIJ Hiedou = gl as ALY Ul ueL 2uug I‘-\‘.JUI

==

e

T — W)G____-'

il =
T Vi W
Bit Rate: 10,51875 Gh/s Pat Length: 2640 hits Div Ratio: 1:1 Srecs 2
TJCIE=12)s 23,4 ps DJiE-8: 10,59 ps RACrms) s o0 fs
PJCE-8):  B00,fs DDJip-pi: 13,7 ps DeD: 2,8 ps
ISI(p-pd: 11,0 ps

Figure 110 - Optical gamma T at 10,518 75 Gbit/s

NOTE The data shown is for a 10,518 75 Gbit/s data stream however the 10GFC standard does not require this mea-
surement as described.
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14.4 BERT Delta R signal tolerance

14.4.1 Overview

This sub clause is an example of how the BERT methods given in 10.4 may be applied to calibrate a signal
for signal tolerance testing at a 2,125 GBd Delta R point. This type of point is typically found in an HBA,
switch, disk array, etc. and is typically the point where an SFP form factor removable PMD connects to the
host side deserializer. The signal tolerance of the link segment from the Delta R connector through the host
side deserializer is the DUT. As with any signal tolerance measurement the criteria for success is that the
link receiver (the host side deserializer in this case) deliver adequate BER performance when the weakest
specified signal is applied to the interoperability point.

It may be desirable to use a functional SFP removable PMD module as part of the calibrated signal pat
since this module has the correct Delta R connector. This may be problematic because the functional SFH
may not allow adequate adjustment of the signal parameters required for the signal tolerance measure]
ment due to the active circuitry in the functional SFP module. The procedure described in 14.4,assume
use of a specially designed passive test fixture that is compatible with the Delta R SFP connector on th
host side to gain access to the physical Delta R point in the DUT. The test fixture is alsojeompatible wit
the instrumentation connector on the other side.

A~

= Oo—"

The basic process for executing the signal tolerance measurement is:

1) calibrate the signal to be used for the signal tolerance measurementiinto an ‘ideal’ instrument,

2) adjust the signal properties to be at the weakest allowed condition(lowest amplitude, highest
jitter),

3) disconnect the measurement equipment used for the calibratign at the Delta R connector,

4) reconnect the calibrated signal to the actual Delta R point;

5) measure the BER from the deserializer in the host with the calibrated signal incoming.

14.4.2 Measurement configuration for signal calibration
Figure 111 shows the DJ portion of the setup for calibration of the signal.

) . DC blocks
Wideband splitters Delta R

/ Km Q / Differential ~ CONNecto
inputs
@*, \ DUT input
/

B - SFP Test
to 500 = TIC*L Fixture
Coax cable
RG-174A (for.DJ control) /
go e L_J Golden e
during 1 _PLL / |Tstrument
testing -——- CLK
*Test Interface Card having the SFP Dashed components

connector on one side and SMAs are for calibration only

on the other’

Figure 111 - Measurement configuration for signal calibration

The Pattern Generator and the other parts of figure 78, including the RJ (random jitter) and SJ (sine jitter)
generators are connected to the input to the Coax cable in figure 111. The device to be tested has a recep-
tacle for SFP form factor modules. The measurement configuration is designed to be used for 2,125 GBd.
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Unlike figure 78, this setup uses a single length of coax instead of twin-axial cable to create DJ (DDJ in this
case). Coax is used for simple direct connection to standard 50 Q test equipment and SMA interfaces. A
single cable is used instead of two to reduce the undesirable effects of skew. Since a single cable is used,
a wideband RF splitter is required to split phases and create a differential signal.

The differential signal is tapped for clock recovery using a Golden PLL. In figure 111, two additional wide-
band resistive splitters are used for this purpose. One splitter creates the tap for the Golden PLL and the
other splitter is used to balance the imperfections in the complementary path. The unused port on the third

splitter is terminated into 50 Q. Resistive splitters improve isolation from poor return losses if poor return
losses exist DC blocks are included in each pa'rh to emulate the series r‘aparifnr: rpquirpd in SEP receiver

outputs. Otherwise, the low resistances at DC in the splitters would ground the inputs to the HBAs receiver
under test, that could cause damage unless the receiver had its own DC blocking.

14.4.3 Calibration test fixtures

The TIC (test interface card) in figure 111 converts the SMA coaxial cabling into a physical form factg
matching the electrical end of an SFP module so it may be plugged into the HBA's input. ‘For signal calibral
tion, the TIC is plugged into an SFP test fixture, that converts the SFP differential signals into a pair of 50 ¢
coax paths for analysis by the Calibration Instrument. The TIC card shall be optimized for minimal insertiof
and return loss across the frequency band of interest.

=~

~

14.4.4 Signal calibration procedure

14.4.4.1 |Initial DDJ calibration

Setup the pattern generator (see figure 78) to transmit alternating¢K28.5 characters. With the sine and ran|
dom jitter sources disabled (turned off), adjust the length of the coeaxial cable until approximately the targe
amount of DJ is observed. This may be done with the BERT0r a normal equivalent time sampling oscillg
scope. The oscilloscope is allowed in this case because this Calibration set is only an approximation, ther
is little random jitter and the pattern is short and highly visible.

—

D

Using a K28.5 pattern the Golden PLL will have.vittually no effect on the measured DJ. Using the Golde
PLL is therefore optional for this step and a direct-clock trigger from the pattern generator may be used.

=)

NOTE Without the effects of the Golden, PLL, the peak-to-peak DJ with K28.5s will be very close to th
peak-to-peak DDJ with CIJTPAT when high-quality pattern generators, wideband splitters and other hig
performance equipment is used. The pk-pk DJ values will be significantly different, however, when the effects of th
Golden PLL are included.

The target pk-pk value for DJ faorjthe delta point tolerance test at 2,125 Gbd is 0,39 Ul (TJ is 0,59 UI). |
this setup, this amount of jitter requires approximately 22 feet of RG174A coax cable.

=D
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14.4.4.2 Initial RJcalibration

With sine jitter (SJ)turned off (see figure 78), adjust the Gaussian noise source to achieve ~0,014 Ul rm
(0,014 = (TJ-DJ)f14, or (0,59-0,39)/14) with a repeating K28.7 square wave on an equivalent time scop
using the pattern trigger from the pattern generator. The factor of 14 assumes a truly Gaussian source, bu
this is allowed/in this case because this phase is only setting an estimated value for peak-to-peak RJ. Th
Golden RLL is also not necessary for this approximation.

D= O— 0"

This\measurement may also be done with an eye (still using K28.7s) on a BERT with a clock input. Assum|
ing'that all other sources of jitter are negligible, a good approximation is to measure RJ at a BER = 1E-9.
For a Gaussian function, peak-to-peak RJ at 1E-9 BER is ~12 times the target rms value of 0,014 Ul, or

~0,17 Ul peak-to-peak.

14.4.4.3 SJ (sine jitter) calibration

For SJ calibration, RJ and other DJ shall be minimized. The golden PLL shall be used to calibrate the SJ
(to 0,1 Ul peak-to-peak), since its magnitude at low frequencies would completely close the eye if tracking
was not used. A direct clock trigger (no Golden PLL) shall be used. The magnitude of SJ at each frequency
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is the effective DJ value as determined by the methods in clause 8. The slopes of the bathtub curves
should be very steep.

SJ calibration shall be accomplished at numerous points along the sine frequency template to ensure the
SJ amplitudes are being met.

SJis turned off for the remainder of the calibration steps.

14.4.4.4 Final DJ and TJ calibration

For all the following calibration measurements, the BERT is used and all values measured from this point
farward are to he effective jirfpr as defined in clause 8 The BERT shaould he npprarpd as described in 10

1) Switch to CJTPAT and add the Golden PLL clocking. With the initial cable length determined
above, the observed DJ will be more than is required. In this particular example, it was méeasured
to be more than required due to the interaction of CJTPAT, DDJ and the golden PLL.

2) Adjust the Gaussian noise source until effective RJ = 0,20 Ul peak-to-peak (RJ = TJ*BJ =
0,59-0,39).

3) lIteratively measure/adjust the DJ (cut cable) and RJ settings to achieve the cofrrect fit to the
required effective jitter values. The mathematical methods given in 10.4.2 should be used. If the

initial RJ calibration was close, very little change should be required, but'the DJ cable will require
shortening.

For results, in this example, the final length of cable that achieved the finalitter values was approximatel
20 feet for the 2,125 GBd rate.

Figure 112 shows the results of the final BERT scan. These results are shown in jitter form rather tha
bathtub form (jitter form is achieved by moving the left side/sl@pe of the bathtub curve up by 1 Ul, such thg
the plot shows the width of the eye crossing rather than the width of the eye opening). The solid dots ar
the measured error rates along the right side of the jitter plot and the circle points are the measured erro
rates along the left side of the jitter plot. The dashed life is the effective jitter function plotted against th
right side measured points and the solid line is the gffective jitter function plotted against the left side med
sured points.
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Figure 112 - Final BERT scan results
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To verify the effect of the Golden PLL, a scan was re-run with direct triggering from the pattern generator
without the Golden PLL. A significant change in DJ was seen. The peak-to-peak effective DJ value
dropped to 0,27 Ul peak-to-peak. This change is due to the interaction of the Golden PLL with CJTPAT in
the presence of a DDJ mechanism. The value for effective RJ changed very little.

14.4.45 Eye amplitude calibration
After calibration of the jitter values, the vertical opening of the eye is also calibrated. For this task perform
the following step in the order shown:

1) setthe sampling time in the center of the eye opening;
?) ndjller the BERT's threshald ||p\/\/ard from the nominal (n\/prngp) value until a high error count is

achieved,;

3) scan the threshold down until the target BER (1E-12) is achieved;

4) repeat these steps in the opposite direction for the bottom of the eye;

5) adjust the pattern generator’s amplitude until the difference between the two 1E-12 threshold
settings is equal to the specified value (0,37 V peak-to-peak) for 2,125 GBd.

%

NOTE The exact mathematical methods may be used to predict deterministic, random anditotal eye closure in th
voltage axis as are used for jitter in the time axis.

When completed, re-confirm the jitter values. If required, iteratively nmieasure and adjust the sef
tings until all jitter and eye opening values are achieved. Depending on the settings, losses, etc),
wideband amplification may be required from the pattern generator to obtain the desired ampl
tude.

14.4.4.6 Add SJ
Calibration of SJ was accomplished previously. At this point;.no further calibration should be necessary.
Turn SJ back on to the frequencies and magnitudes as required for the signal tolerance test.

This completes calibration of the signal to be used for.the Delta R signal tolerance measurement. The sys
tem is now ready to be used for delta point testing.

14.4.5 Signal tolerance testing

The TIC should now be unplugged from the SFP test fixture in figure 111 and plugged into the HBA's SFH
port under test for testing. When the tesbis run, be sure that all other requirements are satisfied, such a
enabling all appropriate crosstalk meehanisms, etc. The signal tolerance test output is the BER from th
receiver in the HBA.

A~

o0

See 11.2.7 for BER measurements from the link receiver.

14.4.6 Data output_format

The format shown ‘in/figure 112 is suitable for the jitter requirements. Commercial BERT jitter testers ar
now available that“are capable of automating many of the tasks required for signal tolerance calibratio
and have similar data output formats. Figure 113 shows an example, from another test, of a display from
commercial-BERT used to measure jitter at a data rate of 1,062 5 Gbhd.

D—=—D
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N
Figure 113 - Example of an automated BERT scan similar to figl&ﬁ‘llz

Values for link BER shall not exceed 1E-12 when the calibrated signal nce signal is applied to th¢
interoperability point.

14.4.7 Acceptable values

174
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Annex A
(informative)

Test bit sequences

A.1 Test bit sequence characteristics

A.1.1 Introduction

Test bit sequences are the bit sequences that are transmitted by a serializer onto a link or bit sequence

received by a deserializer from the link used to test an FC link’s jitter compliance. Test bit sequences have
a significant impact on stressing the link’s jitter characteristics.

Several examples of test bit sequences are described in this annex to illustrate how bit sequences stresg
different aspects of a CDR circuit.

Continuous stream of idle primitives: This pattern is present during normal link operation-when no frameg
are being transmitted. This primitive is also part of some of the more complex patternsiisted below.

Low-frequency pattern: This pattern contains bit sequences that generates low-frequency spectral compo
nents that may produce severe signal distortion if the 3 dB low-frequency cut;off of any high-pass filter o
component is not chosen correctly. Because it represents nearly the maxitnum signal bandwidth require
for any pattern, it is suspected of suffering the most from signal distortion on a metallic transmission ling.
(This second point remains to be proven by simulations or experiments).

o=

Low-transition density patterns: These patterns contain bit sequences that have long runs of 1 sor 0 s.
High-transition density patterns: These patterns contain bit.sequences that have short runsof 1sand 0 s
Composite patterns: A composite pattern contains combinations of the above three types of patterns.
Low- and high-transition density patterns are {neant to generate pattern dependent timing jitter from lin

distortions. Composite patterns tend to be patterns that test various components on the link, such as th
receiver clock recovery circuits.

O
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A.1.2 Low-frequency pattern

Low frequencies in the spectrum may be generated by following the outer contours of the trellis diagram of

figure A.1 that represents the disparity versus time for the Fibre Channel 8B/10B code.

+3—
+2
+1

Dispgrity

[l  (l EL: Sl

— R RERRENENNN] - - - - EEEEEEER

Time (baud)

Figure A.1 - 8B/10B code trellis diagram

Starting at a byte boundary with a running disparity of +1, the pattern/'1101001010' (D11.5) follows th
upper contour and encloses the maximum area between the zerq disparity line and the upper envelope o
all possible patterns. D11.5 is repeated for n bytes, where n is™12 or greater. Then a rapid transition i
made to the lower envelope by the pattern '1101001000' (D1X.7). Then the pattern '0010110101' (D20,2

follows the lower contour and is also repeated n times. The'transition back to the upper contour is accomr

plished by the pattern '0010110111' (D20.7), followed by~2 bytes of D11.5. This sequence includes a run o
5 zeros followed by a single 1, and a run of 5 ones fellowed by a single 0. These 2 sequences are usuall
most prone to errors. The larger the value of n, the lower the frequencies generated. The worst case i
approached asymptotically with increasing n.

Simulations with this kind of pattern, passing through a single pole high-pass filter may cause amplitud
and time penalties. Table A.1 shows these penalties with the parameter n at 12 and the 3 dB cutoff at a fre
quency ‘f" expressed as a fraction ofthe baud ‘fo.” The eye closure penalty expresses the amplitude pen
alty in dB and in the time domain.pénalty as a fraction of a baud (Ul). The simulation model includes also

low-pass filter as specified fof_FC optical measurements with a cut-off at 0,75 of the signalling rat
expressed in baud. For example, for a signaling rate of 1 063 MBd, a 3 dB cutoff of 1,06 Mhz is approxi
mately 0,001 (f/fo).

Patterns with n=100-and using the special character K28.5 for the transitions between the upper and lowe
contours have produced additional eye penalties from 0,05 dB for the lower values of f/fo up to 0,4 dB fo
the larger valu€s,

Ur——= D

—+
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Table A.1 - Eye closure penalties for low-frequency pattern with n=12

3 dB cut-off Amplitude penalty Time penalty
fifo dB ul
0,000 1 0,02
0,000 2 0,03
0,000 5 0,08 0,015
0,001 0 0,18 0,025
0,002 5 0,53 0,04
0,005 1,12 0,06
0,01 2,15 0,1
0,02 4,10 0,175
0,04 8,13 0,23
0,05 10,1 0,275

From the above it is clear, that the recommendation for the lower 3 dBscut-off at 0,04 of the baud as spec
fied in Table F.6 of Appendix F of the Fibre Channel (FC-PH) is misleading and would require extensive

signal conditioning.

Table A.2 shows the low-frequency pattern as described above. As with all similar tables in this annex, th¢
table is broken up into four representations of the pattern that include the FC characters (with the 8b he
values), encoded 10b hex, binary and 40b hex word. The first row contains the FC characters used ang
defined in clause 11 of FC-PH. The second row contains the encoded 10b hex values for each charactet.
These 10b values are in little endian format. Theymiay be used when looking at the encoded/decoded par
allel data. The third row contains the transmission in-order binary data. The fourth row contains the 40b
hex version of the binary data. Both the third>and fourth rows may be used to program pattern generatorg.



https://standardsiso.com/api/?name=919b236fbe3de22e0f029fc4b1085e92

TR 14165-117 © ISO/IEC:2007(E) -173 -

As for running disparity, the value is indicated at the beginning and end of each word.

Table A.2 - Low-frequency pattern

D11.5 (ab) D11.5 (ab) D11.5 (ab) D11.5 (ab)

14b 14b 14b 14b

1101 0010 1011 0100 1010 1101 0010 1011 0100 1010
d 2 b 4 a d 2 b 4 a
Byte = DIL.5 Is repeated > 12 umes.

D11.7(eb) D20.2 (54) D20.2 (54) D20.2 (54)

04b 2b4 2b4 2b4

1101 0010 0000 1011 0101 0010 1101 0100 1011 0101
d 2 0 b 5 2 d 4 b 5
Byte = D20.2 is repeated > 12 times.

D20.2 (54) D20.7 (f4) D11.5 (ab) D11°5\ab)

2b4 3b4 14b 14b

0010 1101 0100 1011 0111 1101 0010 1011 0100 1010
2 d 4 b 7 d 2 b 4 a

A.1.3 Low-transition density patterns
A.1.3.1 Overview

The code with the restrictions imposed by the FC-standard cannot generate contiguous runs of 5 bits wit
the same value. For data characters, a maximum of 5 contiguous runs of 4 are possible, starting with bit ‘g
of a coded byte. For positive starting disparity, the sequence is generated by (D14.7, D30.7, D7.6) an
ends with negative disparity. For reverSe polarities the sequence is (D17.7, D30.7, D7.1). It is recom
mended to include both versions.

The lowest transition density thatmay be maintained indefinitely is 3 per byte starting with the bit ‘b’ or *
with run lengths of 433433433... The data pattern for the run of 4 starting with bit ‘b’ is (m x D30.3), fo
either starting polarity, where m may be any integer number of 2 or greater. For the run of 4 to start with b
‘', the pattern is gen€rated by (D28.7, D3.7) when starting with positive disparity and by (D3.7, D28.7]
when starting with niegative disparity.

To just measure)jitter and amplitude distortion from this source, a short sequence should be sufficient.
suitable test \pattern for both of these patterns is (D14.7, D30.7, D7.1, m x D30.3). Table A.3 shows thi
pattern.

=

— s
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Table A.3 - Low-transition density pattern

)

D14.7 (e€) D30.7 (fe) D7.6 (c7) D17.7 (f1)

04e 21e 187 3bl

0111 0010 0001 1110 0001 1110 0001 1010 0011 0111 k
7 2 1 e 1 <] 1 a 3 7

D30.7 (fe) D7.1(27) D30.3 (7e) D30.3 (7e)

lel 278 Oel 3le

1000 0111 1000 0111 1001 1000 0111 0001 1110 0011 1
8 7 8 7 9 8 7 1 e 3

D30.3 (7€) D30.3 (7€) D30.3 (7€) D30.3(7e)

Oel 3le Oel 3te |

1000 0111 0001 1110 0011 1000 0111 0Qox 1110 0011

8 7 1 e 3 8 7 T e 3

Byte = D30.3 is repeated > 2 times

D28.7 (fc) D3.7 (€3) D28.7(f0) D3.7 (€3)

21c le3 21c le3

0011 1000 0111 0001 1110 0011 1000 0111 0001 1110

3 8 7 1 e 3 8 7 1 e

A.1.3.2 Half-rate and quarter-rate square patterns

The half rate square pattern (contiguous runs of 1010 ...) may be generated by (q x D21.5) that starts wit
a one, or by (g x D10.2) that starts'with a zero. Sequences using D21.5 followed by some slower patter
such as the quarter-rate square wave and then followed by a sequence of D10.2 and then again by a loy
transition pattern should be-Used to test circuit asymmetries.

For the quarter rate‘square pattern contiguous runs of two ones (00110011...) in phase with the byt
boundaries may be'generated by (p x D24.3), independent of the starting disparity. If p is an even numbe
the starting andending disparity remain unchanged. The sequence [q x (D25.6, D6.1)], or [q x (D6.1
D25.6)] genérate identical waveforms with a phase shift of 1 Bd interval, also independent of the startin
disparity, D6-1 starts with a single zero bit and D25.6 starts with a single one bit.

Table*A74 contains both the half-rate and quarter-rate patterns.

= = =
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Table A.4 - Half-rate and quarter-rate patterns - see text

D21.5 (b5) D21.5 (b5) D21.5 (b5) D21.5 (b5)

155 155 155 155

1010 1010 1010 1010 1010 1010 1010 1010 1010 1010
a a a a a a a a a a
Byte = D21.5 is repeated q times

D24.3 (78) D24.3 (78) D24.3 (78) D24.3 (78)

Occ 333 Occ 333

0011 0011 0011 0011 0011 0011 0011 0011 0011 0011
3 3 3 3 3 3 3 3 3 3
Byte = D24.3 is repeated g times

D10.2 (4a) D10.2 (4a) D10.2 (4a) D10.2 (4a)

2aa 2aa 2aa 2aa

0101 0101 0101 0101 0101 0101 0101 010% 0101 0101
5 5 5 5 5 5 5 5 5 5
Byte = D10.2 is repeated g times

D25.6 (d9) D6.1 (26) D25.6/(d9) D6.1 (26)

199 266 199 266

1001 1001 1001 1001 1001 1001 1001 1001 1001 1001
9 9 9 9 9 9 9 9 9 9
Byte = D25.6, D6.1 is repeated g times

D6.1 (26) D25.6 (d9) D6.1 (26) D25.6 (d9)

266 199 266 199

0110 0110 0110 0110 0110 0110 0110 0110 0110 0110
6 6 6 6 6 6 6 6 6 6
Byte = D6, D25.6 is repeated g times

A.1.3.3 Ten c¢ontiguous runs of 3

Starting and ending with a positive disparity, the data pattern (D14.7, D7.7, D28.3, D17.1) generates te
contiguous runs of 3 starting in bit ‘g’ of the first byte. Similarly, the pattern (D17.7, D7.7, D3.3, D14.6
starting and ending with negative disparity also generates 10 contiguous runs of 3. Both sequences ma
be fepeated as many times as desired.

=
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Table A.5 - Ten runs of 3 assuming positive disparity

D14.7 (ee) D7.7 (e7) D28.3 (7c) D17.1 (31)
0Ode 1c7 31c 271
0001 0010 0011 1000 1110 0011 1000 1110 0011 1001
7 2 c 8 e 3 8 e 3 9
Repeated g times

-or-

Table A.6 - Ten runs of 3 assuming negative disparity
D17.7 (f1) D7.7 (e7) D3.3 (63) D14.6 (ce)
3bl 238 0Oe3 18e
1000 1101 1100 0111 0001 1100 0111 0001 1100 0110
8 d c 7 1 c 7 1 c 6
Repeated g times

A.1.4 Composite patterns

For the measurement of jitter at various points of the link, patterns should combine low-frequency, low tran
sition density and high-transition density patterns. All but the low-frequency pattern may be kept short fo
measurements of the jitter. The low-frequency pattefineeds to be longer so that lower frequency jitter i
included. By including all of the patterns, the resulfing composite pattern stresses components within th
link with low- and high frequency jitter, asymmetrics, amplitude distortions and low- and high-transitio
densities. Moreover, composite patterns should' be used for specification compliance testing. Examples g
composite patterns are discussed in subsegtient subclauses within this annex.

A.2 Compliant jitter test bit sequences

A.2.1 Introduction

The test methods specified in the FC-PH standard consist of using K28.5 and K28.7 sequences for DJ an
RJ respectively. The K28.5 test sequence consists of the highest frequency and lowest frequency compo
nents (run length_of 5 and run length of 1) in a concise 20 bit sequence if both disparities are used. Th
K28.7 has no data/dependent components and is in essence a square wave with frequency of one tent
the signalling-tate expressed in baud.

In addjtion-to the test sequences already defined in the FC-PH standard, the following test bit sequence
are defined for both jitter output and tolerance testing:

— = (D ==

2

=

12}

RPAT Random data pattern - subclause A.2.2.3

ChibAT maliantrcan. wra—-clat Battara-—ta il eaaa. bhalai A D A

A AN By | \J\JIIIPIIGIIL TATrNmMuuII’ uatltca PU.LLUIII mravalinu m o 1marimc SQUDUIAUOLU Mo o.5

JTPAT  Jitter tolerance test pattern - subclause A.2.3.2

CJTPAT Compliant jitter tolerance pattern in a valid FC frame - subclause A.2.3.3

SPAT Supply noise test sequence for maximum SSO noise for transceivers - subclause A.2.4.2
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CSPAT  Supply noise test sequence in a valid FC frame - subclause A.2.4.3
In their respective subclauses, the original rationale for their application are given. However, for compli-
ance testing of a particular device, the pattern(s) that produce(s) the worse case output or tolerance results
shall be used. Determining the pattern that produces the worst results is done only by experimenta-
tion.

A.2.2 Random test bit sequence

A.2.2.1 Overview

The intent of the random test pattern is to provide a data pattern with broad spectral content and minim3|
peaking that may be used for component and system level (FC-AL type) architectures for the measure
ment of jitter output. The development of this pattern is specific to FC Tx jitter testing and provides. to bot
component and system vendors a common data pattern use when performing Tx jitter measurements. A
flat spectral content pattern is used to insure that any peaking seen during Tx jitter testing.may be attrib
uted to the component and not the spectral content of the data.

P4

Given the broad (white) spectral content of the RPAT test pattern, this may also_be used as an industry
standard for EMI testing bounded by IDLEs or ARBs. However, be aware that RPAT may not be an appro
priate pattern for EMI agency compliance. The equipment supplier is respopsible for determining the test
ing for all reasonably likely patterns, configurations, and conditions. Faf,€xample, FC traffic frequentl
consists of sustained runs of IDLES, that typically may be much more ehallenging for EMI agency compl
ance.

A.2.2.2 Background - Fibre Channel frame

For test bit sequences to be carried on active FC links_the test bit sequences need to be embedded int
the constructs of link traffic. These constructs include il words and FC frames (see table A.7). Betwee
frames, a FC link is filled with primitive sequences such as IDLEs, R_RDYs, ARBs, etc. as required by th
Fibre Channel protocol. At the N Port transmitter;,” Fibre Channel requires a minimum of six primitiv
sequences between frames.

O——=—C

There are eight different SOF delimiter funetions, all assume negative disparity. Two are used for Class 3.

Table A.7 - Fibre Channel frame

Name SOF Headér Payload CRC EOF

Bytes 4 24 0to 2112 4 4

The SOFi3 would only.be used once when sending data and all subsequent SOFs are SOFn3. There ar
six EOF delimiter-functions of either positive or negative disparity. The disparity of the EOF is determine
by the value ofthé CRC. The CRC is determined by the contents of the header and payload. Valid SOF’
and EOF’s used with patterns in this annex are shown in table A.8

/D

Table A.8 - Valid fibre channel frame delimiters

Delimiter and Beginning Ordered Set
Function Disparity
SOFn3 Negative K28.5 D21.5 D22.1 D22.1
EOFNn Negative K28.5 D21.4 D21.6 D21.6
EOFn Positive K28.5 D21.5 D21.6 D21.6
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A.2.2.3 Original RPAT

The original RPAT data pattern is designed specifically to provide a broad/flat frequency spectrum. RPAT’s
data codes are valid 8b/10b codes but are not FC compliant as a data payload due to character placement
and disparity conflicts. The “10b” code represents the 10b encoded data bytes. The “10b hex” is the hex
representation of the 10b encoded data. The RPAT pattern assumes negative running disparity.

8b: BC, BC, 23, 47, 6B, 8F, B3, D7, FB, 14, 36, 59

10b: k28.5, k28.5, D3.1, D7.2, D11.3, D15.4, D19.5, D23.6, D27.7, D20.0, D22.1, D25.2

10b hex: 3EBO 5C67 85D3 172C A856 D84B B6A6 65

3%

NOTE The next to last character in the 10b definition has been changed from D21.1 in MJS to D22.1 in MJS@Q to b
consistent with the code mappings for 8b and 10b hex.

A.2.2.4 Compliant RPAT (CRPAT)

Since most host adapters include Fibre Channel state machines, they cannot be made to transmit the orig
inal RPAT. What is needed to use a host adapter is a test bit sequence that complies with all Fibre Channg
rules, specifically the frame construct. To generate an FC compliant RPAT-(CRPAT) while attempting t
maintain the flat spectrum characteristics of the original RPAT data pattern, some modifications ar
required. Modifications to the original RPAT include

o—0C——1

Removal of two consecutive K28.5 codes atthe beginning of RPAT,
Replacing K28.5s with D30.2 and D30.5,
Re-arrangement of the data codesgequired to maintain disparity balance.
The modified RPAT is:
8b: BE, D7, 23, 47, 6B, 8F, B3, 14, 5E, FB, 35,59
10b: D30.5, D23.6, D3.1, D7.2, D11.3, D15,4, D19.5, D20.0, D30.2, D27.7, D21.1, D25.2
10b hex: 86BA, 6C64, 75D0, EBDC;JA8B4, 7949, EAAG, 65

This is shown in the RPAT section of table A.9.

1%

The header for this purpose*may be considered the same as the payload since all that is desired is that th
host adapter transmit the data or the disk drive re-transmit the data. The payload consists of the modifie
RPAT repeated 16 times. Each frame is preceded or followed by six idle primitives.

O

The CRPAT pattern is specifically designed to have a broad spectrum that produces a worst case scenarip
with regard)to-deterministic jitter generation. By embedding the payload with 16 repeating modified RPATS,
the spectral contribution of the SOF, CRC, EOF and idle primitives may be minimized.

The FFT, in figure A.2, is for the 10b hex data as a pure 1s and Os data stream. Figure A.3 is the FFT of th
FC'compliant RPAT (including the idles and SOF). The spectral content is fairly broad and flat, much lik
the original RPAT. Moreover, the spectrum analysis of both the original RPAT and the FC Compliant RPA]

T oD

are almost equivalent. The FC compliant RPAT patterns shows some peaking near 100 MHz, but this
should be insignificant.

Rise times are not accounted for and assumed perfect.

For overall jitter tolerance testing both the CITPAT and the above CRPAT should be used.
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Figure A.3 - FFT of compliant RPAT

The pattern in‘table A.9 represents the CRPAT. It consists of six idle primitives, an SOF, the RPAT patter
repeated 16 times, a CRC and a EOF. A repeating CRPAT may be used at all levels of development includ
ing system-and component design.

=)
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Table A.9 - CRPAT test bit sequence
K28.5 (bc) D21.4 (95) D21.5 (b5) D21.5 (b5)
1rc 115 155 155 Idle Primitive
(repeated 6
0011 1110 1010 1010 0010 1010 1010 1010 1010 1010 times)
3 e a a 2 a a a a a
Above Idle Primitive is repeated 6 times
K28.5 (bc) D21.5 (b5) D22.1 (36) D22.1 (36)
17c 155 256 256 Start of Frame:
Class 3 normal
0011 1110 1010 1010 1010 0110 1010 0101 1010 1001 (SOFn3)
3 e a a a 6 a 5 a 9
D30.5 (be) D23.6 (d7) D3.1(23) D7.2 (47)
161 197 263 2b8
1000 0110 1011 1010 0110 1100 0110 0100 0111 0101
8 6 b a 6 c 6 4 7 5
D11.3 (6b) D15.4 (8f) D19.5 (08) D20.0 (14)
30b 2¢5 153 Ob4 modified RPAT
pattern
1101 | 0000 | 1110 1000 | 1103~ | 1100 | 1010 | 1000 | 1011 | 0100 ('efii‘?:;‘?;)’ 16
d 0 e 8 d c a 8 b 4
D30.2 (5e) D27.7 (fb) D21.1 (35) D25.2 (59)
29e le4 255 299
0111 100% 0100 1001 1110 1010 1010 0110 0110 0101
7 9 4 9 e a a 6 6 5
Above 12 byte modified RPAT pattern is repeated 16 times
D14.7 (ee) D3.1(23) D21.2 (55) D22.0 (16)
04e 263 295 356
CRC:
0111 0010 0011 0001 1001 1010 1001 0101 1010 1011
7 2 3 1 9 a 9 5 a b
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Table A.9 - CRPAT test bit sequence (Continued)

K28.5 (bc) D21.5 (b5) D21.6 (d5) D21.6 (d5)

283 155 195 195

End of Frame:
— (EOFnN)

1100 0001 0110 1010 1010 1010 1001 1010 1010 0110

A.2.3 Compliant receive jitter test bit sequences

A.2.3.1 Overview

For jitter tolerance testing, the data pattern exposes a receiver’s CDR to large instantaneods phase jumpg.

To do this, the overall pattern should alternate repeating low-transition density pattetns with repeatin
high-transition density patterns. The repeating 10b character durations should be longer than the time con
stants in the receiver clock recovery circuit. This assures that the clock phase haS.followed the systemati
pattern jitter and the data sampling circuitry is exposed to large systematic phase jumps. This stresses th
timing margins in the received eye. The following test bit sequences are suggested for receive jitter toler
ance testing:

JTPAT Jitter tolerance pattern used to test receivers;
CJTPAT Jitter tolerance pattern in a valid FC frame.

A.2.3.2 Receive jitter tolerance pattern - JTPAT

Table A.10 shows how low- and high-density patterns may be used. Here, the low-density pattern is
repeating D30.3 and the high density pattern is a.repeating D21.5. Using these two patterns together test:
the systematic pattern jitter causing phase jumps. The run length of these two patterns are related to th
time constants of the PLL. For the JTPAT the-following assumptions were made:

a) average FC traffic transition density is approximately 50 %,

b) CDR time constant is inversely proportional to transition density,

c) to obtain at least 95 % settling a pattern duration needs to be greater than 3 time constants,

d) the PLL's minimumdbandwidth for FC transceivers is baud/166 7 at the average transition density.

100 10 bit characterscat-50 % transition density meets these assumptions. The repeating D21.5 has
100 % transition density and the repeating 30.3 has a 30 % transition density. Because of the abov

assumptions, theCduration of the high-transition density pattern needs to be at least 50 10 bit characters.

As for the low fransition density pattern, it needs to be at least 167 10-bit characters.

O

00—

==

1%
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D30.3 (7€) D30.3 (7€) D30.3 (7€) D30.3 (7€)

Oel 3le Oel 3le

1000 0111 0001 1110 0011 1000 0111 0001 1110 0011 )
8 7 1 e 3 8 7 1 e 3

Byte = D30.3 is repeated > 167 times

D21.5 (b5) D21.5 (b5) D21.5 (b5) D21.5 (b5) -
155 155 155 155

1010 1010 1010 1010 1010 1010 1010 1010 1010 1010

a a a a a a a a a a

Byte = D21.5 is repeated > 50 times

A.2.3.3 Compliant receive jitter tolerance pattern - CJTPAT

Creating a compliant receive jitter tolerance pattern (CJTPAT) requires adding SOF, CRC, EOF and Idleg.
In order to use the above JTPAT more fully, each of the possible phase’shifts introduced has two polarit
versions. That is, a phase change may start with a 0 and transition‘to-a 1 or vice versa. Additional charac
ters have been added to produce both polarity changes for each-phase shift. Table A.11 shows the result

ing CJTPAT. For overall jitter tolerance testing both the CJTPAT and the above CRPAT should be used.

Table A.11 -“"CJITPAT

K28.5 (bc) D21.4 (95) D21.5b5) D21.5 (b5)
17c 115 155 155

) 0011 1110 1010 1010 0010 1010 1010 1010 1010 1010
3 e a a 2 a a a a a
Above Idle Primitive is repeated'6 times
K28.5 (bc) D21.5 (b5) D22.1 (36) D22.1 (36)
17c 155 256 256

) 0011 1110 1010 1010 1010 0110 1010 0101 1010 1001
3 e a a a 6 a 5 a 9

Idle primitive
(repeated 6
times)

SOFn3

o~
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Table A.11 - CJTPAT (Continued)

D30.3 (7€) D30.3 (7€) D30.3 (7€) D30.3 (7€)
Oel 3le Oel 3le Low-density
transition
1000 0111 0001 1110 0011 1000 0111 0001 1110 0011 pattern
8 7 1 e 3 8 7 1 e 3
Above 4 byte pattern is repeated 41 times.
D30.3 (7€) D30.3 (7€) D30.3 (7€) D20.3 (74)
Oel 3le Oel 0f4
1000 0111 0001 1110 0011 1000 0111 0000 1011 1100
8 7 1 e 3 8 7 0 b c Transferring
from low- to
high-transition
densities
D30.3 (7€) D11.5 (ab) D21.5 (b5) D21.5 (b5)
3le 14b 155 155
- +
0111 1000 1111 0100 1010 1010 1010 1010 1010 1010
7 8 f 4 a a a a a a
D21.5 (b5) D21.5 (b5) D21.5 (b5) D21.5 (b5)
155 155 155 155 High-density
+ transition
1010 1010 1010 1010 1010 1010 1010 1010 1010 1010 pattern
a a a a a a a a a a
Above 4 byte pattern is repeated 12 times
D21.5 (b5) D30.2 (5e) D10.2 (4a) D30.3 (7€)
155 2al 2aa 3le
.|.
1010 1010 1010 0001 0101 0101 0101 0101 1110 0011
a a a 1 5 5 5 5 e 3
Transferring
from high-to
low-transition
530:3 (7e) D30.3 (7€) D30.3 (7€) D30.7 (fe) densities
Oel 3le Oel 2le
1000 0111 0001 1110 0011 1000 0111 0001 1110 0001
8 7 1 e 3 8 7 1 e 1
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Table A.11 - CJTPAT (Continued)

D21.7 (f5) D14.1 (2e) D22.7 (f6) D29.6 (dd)
1d5 24e 216 19d
- =+ CRC
1010 1011 1001 1100 1001 0110 1000 0110 1110 0110
a b 9 c 9 6 8 6 e 6
k28.5 (bc) D21.5 (b5) D21.6 (d5) D21.6 (d5)
283 155 195 195
- EOFN

1100 0001 0110 1010 1010 1010 1001 1010 1010 0110

[+ 1 6 a a a 9 a a 6

A.2.4 Supply noise test bit sequences
A.2.4.1 Overview

It has been found that a test bit sequence of repeating D31.3 charaeters creates the worst-case powe
supply noise introduced by a transceiver. The noise is caused by the’maximum simultaneously switching
output (SSO). The following test bit sequences are proposed forSSO noise testing:

=

SPAT Supply noise data pattern causing maximum/SSO noise for transceivers;
CSPAT  Supply noise data pattern in a valid FC-\frame.

A.2.4.2 Supply noise pattern - SPAT

The pattern in table A.12 represents the SPAT: It is a test bit sequence that creates the SSO noise by caus
ing all the individual Tx and Rx parallel data lines to switch per 10 bit character. This imortance of this pat
tern may be very dependent on the details of the system design.

Table A.12 - Supply noise test bit sequence

D31.3 (7f) D31.3 (7f) D31.3 (71) D31.3 (7f)

335 Oca 335 Oca

1010 1100 1101 0100 1100 1010 1100 1101 0100 1100

a c d 4 c a c d 4 c

Above 4 byte pattern is repeated 512 times

Ax2.4.3 Compliant supply noise pattern - CSPAT

Just as the RPAT bit sequence may be packaged into a Fibre Channel frame for use in an operating sys-
tem level test, the SPAT may be surrounded by SOF, CRC, and EOF to create a compliant SPAT (CSPAT).
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Table A.13 - Compliant supply noise test bit sequence

A.3 Practical issues with compliant patterns in operating FC systems

CRPAT, CJTRPAT and CSPAT as defined in this report, include complete FC compliant frames and sun
rounding idles‘that are intended to represent conditions in operating FC systems. as well as for characte
izing components and TxRx connections. In an operating FC system the idles, SOF and headers may b
added\by the port. In these cases the patterns defined should not include the idles, SOF and headers.
Because the bit patterns are critical to the use of the patterns the disparity coming into the payload sha
femain as specified with the header defined in this document. This requirement may present challenges i
operating systems, especially where the addresses are changing from frame to frame. Making measure

K28.5 (bc) D21.4 (95) D21.5 (b5) D21.5 (b5)
17¢ 115 155 155 ldle
0011 1110 1010 | 1010 | 0010 | 1010 | 1010 | 1010 | 1010 | 1010 Primitive
3 e a a 2 a a a a a
Above Idle Primitive is repeated 6 times
K28.5 (bc) D21.5 (b5) D22.1 (36) D22.1 (36)
17¢ 155 256 256 SOER3
0011 1110 1010 1010 1010 0110 1010 0101 1010 1001
3 e a a a 6 a 5 a 9
D31.3 (7f) D31.3 (7f) D31.3 (7f) D31.3 (7f)
Oca 335 Oca 335 Supply Noise
Pattern
0101 0011 0010 1011 0011 0101 0011 0010 1014 0011 (g=512)
5 3 2 b 3 5 3 2 b 3
Above 4 byte Supply Noise pattern is repeated 512 times
D17.7 (f1) D22.4 (96) D27.6 (db) D23.4 (97)
231 2d6 lad 117
CRC:
1000 1100 0101 1010 1101 0010 0101 1011 1010 0010
8 c 5 a d 2 5 b a 2
K28.5 (bc) D21.4 D21.6 (d5) D21.6 (d5)
17¢ 115 195 195
EOFn
0011 1110 1010 1010 0010 1010 1001 1010 1010 0110
3 e a a 2 a 9 a a 6

\1%2

= —

ments in operating systems may present other challenges:

a) It may be necessary to modify the frame header plus CRC. If changing the header is required,
attempt to do so in a manner that does not change the running disparity coming into the payload.
The disparity going into the EOF is positive for CJTPAT and CRPAT.

b) Error measurements shall allow for normal changes to bits outside the Test Bit Sequence.
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c) If bits other than the specified test pattern occupy a significant fraction of the total test time, they
may dilute the test and affect the jitter output or tolerance and/or increase the test time.
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Annex B
(informative)

Practical measurements

B.1 Introduction

This annex gives guidance on methodologies to be used for gaining practical measurement access to
Fibre Channel components during testing. This annex contains mostly the idealized methods and may not
completely describe the construction or transfer functions of real hardware. A more detailed description of

the design of tests and the requirements on implementing the physical design of the Interface adapier
called out here will be in future technical reports on FC copper or in future technical reports on jitter_ Th
information herein is based on that supplied by the contributors to this technical report up to the publicatio
date. New information is continually becoming available as Fibre Channel and other serial datd\transmis
sion technologies mature.

— <O0—"

=

This annex is needed because it is very easy to acquire data that looks reasonable but jsfeally seriously i
error because of improper measurement techniques. Without using the schemes in this annex, it is likel
that independently executed measurements on the same unit will not yield the same results.

B.2 Basic architecture

The basic architecture of the practical measurements for Fibre Channetjitter uses a signal source, a signg|
sink, and interconnect that connects the source to the sink. Signals“always flow from source to sin
through the interconnect. See figure A.1. One part of the test configuration is always a unit or device unde
test and the other parts enable the instrumentation to accurately’indicate the properties of the signals g
the connector(s) of the device under test. The unit under test\may be a source, a sink or interconnect. Th
instrumentation may be a source, a sink, an interconnectr d combination thereof.

— s

117

SIGNALS ALWAYS\FEOW FROM SOURCE TO SINK
—

SOURCE SINK

Figure B.1 - Ideal test configuration architecture

The most fundamental requirement is to accurately determine the properties of the signals at the connec
tors of the,device under test at the same time the device under test is responding to, carrying or generating
the signals.

There are two kinds of source (choose one per test configuration):

a) Test signal instrumentation

b) FC TX port under test

Interconnect falls into five categories (choose at least one per test configuration and specify order of con-
nection):

a) FC passive (bulk cables, connectors, etc.) under test;
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b) FC active (repeaters, port bypass circuits...) under test;
c) instrumentation quality cable asemblies;

d) FC cable assemblies used for generating ISI;

e) FC “tap adapter”.

There are two kinds of sink (choose one per test configuration):

a) Test signal instrumentation;
b) FC RX port under test.

Each test configuration is an ordered list where the source, interconnect components (including order), and

sink are called out. Subclause A.3.5 describes how to assemble these lists. Before this may be effectivel
done one needs to define a means for connecting practical instrumentation into the Fibre Channel system.

B.3 Instrumentation interface adapters

B.3.1 Overview

Practical instrumentation shall interface to the Fibre Channel components with minimal disruption to Fibr
Channel components. The instrumentation shall have the input and output enviropment it needs to operat
properly as an instrument. Adapting interfaces are used unless the instrumeéntation happens to hav
exactly the right Fibre Channel variant interface. Most existing instrumentation inputs and outputs do nd
use the Fibre Channel transmission environment.

— D (D (D

Figure A.2 shows three basic ways to use adapting interfaces:

a) source adapter, where DUT is a source and FC framés may not be required as traffic;

b) sink adapter, where DUT is a sink and FC frames-are’not required as traffic;

c) tap adapter, where a FC port is the DUT, real FC frames may be required for traffic and th
instrumentation is a secondary sink; either the.source FC port or the sink FC port may be the DUT.

1%

The measured signals at the instrumentation represent the signals that exist at the DUT connector when
modified by the transfer functions of the interface adapter and the interconnect.

12}

There are several kinds of interconnect-specified in Fibre Channel (termed “variants”) and each needs it
own kind of interface adapter. The remainder of annex describes these adapters for the balanced coppet,
the unbalanced copper, and the opftical variants.

The specification for these,interface adapters does not include the specific connectors, printed circu
board material, connectorzattachment designs, trace widths or any other physical design details. Th
losses and disturbances-ecaused by any specific implementation shall be added to those caused by th
basic adapter itself-when determining the actual interface adapter transfer function for specific applica
tions.

o=

It is strongly‘recommended that efforts be made to use the best materials and design practices when con
structing.an interface adapter so that the intrinsic simplicity of the circuits may be realized in the actug|
measuyrements. For example, low-inductance and low-capacitance resistors should be used.

The amplitude transfer characteristics of the adapters that are given in this Annex may be converted t
power if desired. The load impedance of the measurement equipment may be different from that of the un

— O

under test tnat alects the power conversion calculation.

Although not shown explicitly in this annex, all FC sources and sinks should be d.c. blocked to prevent test
adapters from disturbing the required bias points.
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SOURCE ADAPTER
(PART OF SOURCE)

TEST TRAFFIC SOURCE P SINK
NOFC ERROR DUT INSTRUMENT
REPORTING INTERCONNECT

SINK ADAPTER
(PART OF SINK)

NOFCERROR [ —SOUREE e Stk
REPORTING | INSTRUMENT | INTERCONNECT DUT
TAP ADAPTER
(PART OF
INTERCONNECT)
FC FRAMES / |
FCERROR | SOURCE Y SINK
FROM SINK *
INSTRUMENT
SINK

Figure B.2 - Placement of adapters in‘test configurations

B.3.2 Balanced copper
B.3.2.1 Introduction

Balanced copper Fibre Channel variants have,either nominal 100 Q or 150 Q balanced differential trans
mission environments. This annex only documents the 150 Q variants. Some adapters are not required fo
the 100 Q variants. Other 100 Q adapters-imay be simpler that the 150 Q counterparts.

Almost all existing high-speed electronic test equipment presents unbalanced inputs and outputs at a 50 {
impedance. Therefore these interface adapters are coupling or matching networks that have balance
150 Q differential characteristies where attached to the FC components and 50 Q unbalanced sin
gle-ended characteristics where attached to test instruments.

The entire electrical path between the interface adapter components (resistors, balun contacts, etc.) an
the FC interconnect connection shall have the characteristic impedance of the side of the interface adapte
where it is connecting. This includes all printed circuit traces, all connectors and all cables. Component
attached to anyopart of the electrical paths other than those specified could upset the signal flow. Thi

includes aScilloscope probesl, coupling capacitors and ESD devices attached to the test electrical path.

(Coupling’capacitors and ESD devices may exist as part of the DUT and contribute to the DUT'’s perfon
mance:) These restrictions are necessary to avoid disturbing the transmission line properties of the con
nections, thus obscuring what is to be measured.

=~

T~

U— 00— = T

1. Special 10x 500 Q oscilloscope probes exist that add very little capacitance and stubs when
probing. These probes have the adaptive element (e.g., a chip pad) right at the “tip”. Whereas
these probes might be useable in some laboratory applications, they may be difficult to place in
the required places on actual devices and components. For these reasons, methods are pro-
vided that do not require the use of probes.
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Special care shall be exercised when attaching connectors to bulk cable or printed circuit boards in such a
manner that the termination side of the connector and its board or cable connection does not induce any
more deviations from the nominal characteristic impedance than is absolutely necessary. This generally
means that it is necessary to analyse the use of through holes and trace routing in printed circuit boards
carefully.

Special care shall also be exercised to include the signal losses and phase distortion in traces on printed
circuit boards and in the real components used when determining the actual transfer function of the inter-
face adapter. This annex shows the ideal transfer functions only and assumes that all ports are terminated
in their characteristic impedance.

The interconnect paths shall be no longer than necessary and any interconnect losses shall be included\a
part of the transfer function of the path between the instrument and the DUT.

1°2)

Inserting the matching network into the test configuration affects the signals to some degree\and alsp
causes some signal loss due to these networks.

B.3.2.2 Source and sink adapters for balanced copper variants

B.3.2.2.1 Balanced - unbalanced

Figure A.3 shows the recommended matching network design for both the source and sink adapterd.
These adapters depend on the use of special instrumentation-grade baluns described in clause A.3.6.

ADAPTER ADAPTER

INSTRUMENT FC COMPONENT

PORT (50 Q) RORT (150 Q)

25Q A
50 Q 750
v (R1) .
1
L i BALUN Ivz 1500
INSTRUMENTATION ||| |
(SOURCE OR SINKY) FC COMPONENT
(SINK OR SOURCE)

Figure B.3 - Source/sink interface adapter matching network
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Table B.1 - Ideal transfer function for source/sink adapter matching network

of figure B.3
To Adapter Instrument Port Adapter FC Component
From (150 Q), (V1) (150 Q), (V2)
Instrument as sink FC Port as sink
Adapter Instrument Port (50 Q) (V4), NA V=V,
Instrument as source
Adapter FC Component Port (150 Q), |V;=0,333*V, NA
oL,
FC Port as source

At point “A”, the impedance is 37,5 Q in both directions. The impedance into V, is four times that at poin
“A” i.e., 150 Q.

FC port sources are required to deliver the required signals with passive interconnect impedances rangin
from 135 Q to 165 Q. There are two ways to accomplish this impedance range.

Preferred: Add a balanced / balanced impedance-adjusting pad network betweénthe FC component an
the adapter for each impedance level to be tested.

Alternate: vary the 75 Q resistor, R4, such that the parallel combination, 'of 75 Q (the 25 Q and the 50 (

instrumentation resistors) and R is 135/4 and 165/4 respectively. R{Zshould be 61,4 Q for the 135 Q load.

R, should be 91,7 Q for the 165 Q load. The voltage ratios betweén V, and V, are affected by the choice o
R, and should be adjusted accordingly.

The adapter shown in figure A.3 assumes that the DC path between the source and sink is broken b
capacitors within the source, sink or interconnect..If\the link is DC-coupled, either the ground offsg
between the source and sink is maintained at a lowevel or one or more series capacitors are added to th
adapter. See A.3.6.5.

Due to the significantly non-ideal behavior:of’capacitors at elevated frequencies, it is recommended not t
not use capacitors in the adapter unless.there is no other option. See A.3.6.5.

B.3.2.2.2 Balanced - balanced-(alternative 1)

Figure A.4 shows the recommended matching network design for both the source and sink balanced - bal
anced copper adapters, as shown in figure A.2. The instrument input is assumed to consist of two unbal
anced 50 Q inputs (100 Qdifferential). Comments in A.3.2.2.1 on Balanced - Unbalanced Source and Sin
Adapters relating to adjusting impedance over the required ranges apply here with appropriate modifica
tions.

Note that this ds.not a truly balanced instrumentation since there is no provision for accommodating th
common madelevels that may exist on the FC component side. However, where there is negligible com
mon modé¢resent this scheme may be satisfactory.

—

o

=

—

1%

1%
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(OR DUAL 50 Q)

ADAPTER

FC COMPONENT

PORT (150 Q)

43,3 Q
50 Q 86,6 Q
1 Vi Lt o $ 1500
T T 4 }
50 Q 86,6 Q
43,3 Q
INSTRUMENTATION ADAPTER FC COMPONENT

(SOURCE OR SINK)

(SINK OR SOURCE)

Figure B.4 - Balanced-balanced source-sink adapter (alternative 1)

Table B.2 - Transfer function for alternative 1 balanced - balanced

source/sink network of figure B4

To
From

Adapter Instrument)Port
(100 @), (V1)
Instrumentias sink

Adapter FC Component Port
(150 Q), (V2)
FC Port as sink

Adapter Instrument Port (100 ), (V1) |NA V,=0,634*V,
Instrument as source
Adapter FC Component Port (150 Q), |V, =0,423*V, NA

(Vo)
FC Port as source

B.3.2.2.3 Balanced - balanced((alternative 2)
When using the special 500 Q prebes (or equivalent circuits designed to minimize any internal reflections
one may sacrifice the impedance matching on the instrument input side in exchange for a simple 10-to-
transfer function and an equivalent 75 Q termination on the FC interconnect side. This is achieved by usin
the configuration shown'in’Figure A.5 for each side of the balanced line.
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OPTIONAL SINGLE-ENDED TRIGGER
SENSE POINT USING HI-Z PROBE
CONNECTOR / WITH VERY SHORT TIP

\‘ 121 Q

vV, /—->
330 Q

10X AMPLITUDE
ATTENUATION
THRU PROBE

450 Q PROBE |—

75 Q UNBALANCED
FC COMPONENT OR
ONE SIDE OF 150 Q
BALANCED FC
COMPONENT

MWW 1

50 Q INPUT— [v,

75 Q

TERMINATION |— SINK
|
SINK ADAPTER l INSTRUMENT

Figure B.5 - Half of balanced-balanced source-sink adapter (alternative 2)

A separate trigger sense point is shown where a high impedance probe with.aivery short tip could be use
to extract a single-ended trigger input for the sink instrument. If used, this\probe disturbs the electrical pat
to some degree and it shall be determined that this disturbance is negligible before using this scheme.

Table B.3 - Transfer function for balanced - balanced source/sink interface
network of figureB.5

To Adapter Iagtrument Port Adapter FC Component Port
From (100 Q), (V1) (150 ), (V2)
InStrument as sink FC Port as sink
Adapter Instrument Port (100 Q), (V1) |NA V,=0,10*V;
Instrument as source
Adapter FC Component Port (150 ), () NA NA
(Vo)
FC Port as source

B.3.2.3 Tap adapters for balanced copper variants

B.3.2.3.1 Balanced-balanced (alternative 1)

Figure A.6 shows-the' recommended design for a balanced-balanced tap adapter matching network whe
used with an instrument that offers a balanced 150 Q input. Such instruments are not common. This ta
adapter may-also be used with the source/sink interface adapters shown in figure A.3 and figure A.4 t
connect afunbalanced 50 Q instrument or a balanced 100 Q instrument respectively. The unbalance
instrument-case is discussed in A.3.2.3.3.

=

| = = e o e
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