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Abstract

A design methodology will be demonstrated for 28 Gb/s SERDES channels using the Xilinx
Virtex-7 Transmitter (Tx) to show the required traafés that enable robust performance that is
easy to verify with measurement. Tx and Rx characterization provioenation on the

spectral demands faiccurate dembedding of theassivdixture channel; simulation of cables,
connectors, vias, PCB transmissiores, and package balut determine critical elements for
performance; physical routing along with testistures will determine the ability of
measurements to verify performaratehe DUT package bym Novel 1 port fixture
measurementwill be compared with previous full path probing andt@stfixture measurement
methods to enable reliable fixture rerabvCombining design and measurement methodology
enables the capture of 28 Gb/s Tx waveformsaBBA package bupseven with frequency
dependent losses in theture path connection to the measuring oscilloscope.
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Introduction

The design of high speed digital systems requires a fundamental understanding of the
degradation encountered in the channel that lies betweémtisenitter and receiver. Elaborate
coding schemes, equalization, and transmission line structural designs have enabled modern
consumer electronics to easily drive past the RF domain and into the microwave frequencies of
operation. The challenges of a@8/s channel in support of 100 GB Ethernet are no different
than the original problems of the 1st trakitantic copper communication cable where
transmission line theory dominates and the control of frequency dependent losses along with
reflections arehte key to success.

The alility to measure the true 28 Ghgignal parameters at the device package pins can be quite
challenging. PCB design, fixture path characterization, and instrument measurement capabilities
all contribute to the success of predigtithe true signal at the package pins. By systematically
breaking down the data channel, the smaller components within can be optimized and
characterized by both measurement and simulation to achieve a controlled impedance
environment that propagates thighest of data ratesSiven a clear understanding of the

spectral demands placed on the transmission line by the transmitted data, it is possible to
establish a set of criteria for identifying which transmission line features require attention and
how much effort should be applied.

The design must also accommodate the ability to verify the performance through accurate
measurement techniques. Simple probing with a voltmeter is obviously not an option at 28 Gb/s.
However, well calibratefrequency domai S-parametetype measurements and advanced in

situ deembedding techniques have a westablished mathematical solution. These techniques
enabl e one to Aprobeo the signal path at ar bi
SERDES channel. he selection of full path probing, vs. a 2x fixture through test structure, vs. a
direct fixture measurement into a reflect open or short is not a simple cost vs. performance trade

off. The physical design of the channel often dictates the accuracyroaetgave with the

different calibration techniques and there is opportunity to modify the design for improving the
performance of the measurements.

Often the barrier to using advanced error correction techniques sucleabddding is the cost

in time and materials to develop the necessary calibration structures and the measurement of the
channel fixtureWork in a previously published pafféshowedthat 2x throughAutomatic

Fixture RemovalAFR) calibration structures can be used to achieve a vepptatae level of
de-embedding qualityAs discussed in the previous papesys to achieving a useful level of-de
embedding include careful design, construction, and measurement of the calibration test fixture.
It was shown that ealibration test fixturean be designed that does not require an inordinate
amount of board space and does not require the investment inrprotyiag stations.

Additionally, if the high speed fixture path is properly designed to avoid large impedance
mismatches, partial S2le-embedding providedery good results, eliminating the need to
preciselyline up measurement reference planes to within picosqueweisionfor the cascaded
elements in the model of the fixture pafthso, it was shown thatith density applications that

have 106s of channels with significanedfromari at i
a hybrid measurement based model of the channel fixture so that the effect of path length



variationscouldbe simulated in a matter of seconds esdtli@ the board space required &x
throughfixture calibration structures.

Implementation of these measurement calibration techniques can be done with typical stimulus
response instrumentation suchvastor Network Analyzers or Time Domain Reflectometers
Knowledge of the spectral demands for the channel will be used to select the required instrument
measurement bandwidtfihe measurements will focus on the benefits of a 1 Port calibration
method to provide fast characterization of the channel withoutetbe for test structures or

additional probe connections. In this newdrt technique, time domain gatiagd signal flow
diagram optimization anesed to acquire thiell 2-port S11, S21, S12, and S22 data set from the
measuremertdf the fixturechannelffrom theS11oneport reflection measuremeni this case,

all theS-parametes of the fixturechannelare acquired and full dembedding of the fixture can

be done during Hsitu waveform measurements.

The final test of the design and measurement redidn process is to verify that one can get

back to the original performance ofransmitter Tx) source signal even withe frequency

dependent losses of thgture channebpath in the measurementhe 2x through AFR technique

was verified in a priopublicatiof” with the Virtex7 packaged DUBNd can be used as a
referenceThis same DUWill be used to evaluate thePort AFR technique and further

evaluate the benefits of a measurement based mbeéehonstrating that it is possible to

measure théve signal eye diagram performance at the package bumps of the Xilinx-Virtex
transmitter opens the door for accurate transmitter models that can be used in the optimization of
application specific channel designs for 28 Gb/s.

Overview ofa 28 Gb/s SERDES Channel
A printed circuit board was designed and built with the following goals:
1. Provide a set of channels for carrying@@'s signals from the Xilinx FPGA to an

external device such as a piece of test equipment.
2. Provide a set of test structureatassist with dembedding the PCB channel.

The signal path for the8 Gb/ssignals is from the Xilinx Virtexr FPGA to SMA connector that
is the working point for connection to devices such as test equipment (e.g. oscilloscopes) or data
transmission deees (e.g. optical transceiverB)gurel. The components of the signal path are:

1. BGA to PCB interface structure including the solder ball pad and B@#ch structure

on the PCB.
2. Differentiallooselycoupled embedded stripline trace
3. PCB to connector interface structure including vias and connector PCB pads.
4. Samtec Bull sEyeE connector and test cabl e.
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Figurel: 28G Signal path

The printed circuit board consists of the FPGA launch strucadiéerential stripline and the
SamtedullsEyeE connector interfaceFigure2 shows the design parameters for the stripline
and the resulting detailed layout of the@B/schannels.Figure3 shows the full board with the

additional test fixture calibration structures.

Etch Trace Trace
Length | Routing| Width | Spacing|

Net (in) Layer (mil) (mil)
TXO0 2.683 5 3.75 8.25
TX1 2.293 5 3.75 8.25
TX2 2.298 5 3.75 8.25
TX3 2.501 5 3.75 8.25
TX4 2.698 5 3.75 8.25
TX5 2.373 5 3.75 8.25
TX6 2.607 5 3.75 8.25
TX7 2.804 5 3.75 8.25

> TX7
> TX6
> TX5
> TX4
> TX3
> TX2
> TX1
> TX0

Figure2: VC72228GWs internal stripline routing design parameters and the resulting Detalil
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Fixture Design Analysis

In the case of designing a fixture for the measurement of a transmitter at the packpgetlsim
necessary to understand the bandwidth requirenfenfixture deembeddingand howthis

impacts the design methodologit 28 Gh/s the 1 bit length is only 3@swhich leaves little

room for even the fastest of step edges suthea6.5ps(10% to 90%)generated byndium-
Phosphidegechnology fothigh endTest and Measuremeatjuipment Measurements using

fixture deembeddingechnique$” showed that the Virtex7 Trise-time at the PCB interface on

the VC7222 baracterization boand ~13 ps(20% to 80%), and IC model simulations of the
transmitter without afabricated package/socket/pch interface interactions estimate a best case
risetime of 5ps (20%to 80%)3. This knowledge then enables dnespeed up simulations by

not overestimatig the required bandwidth, and to reduce instrument costs by understanding the
maximum required bandwidth.

At lower data rates where the rHBme was not a significant portion of the eye one would often
insist that the required bandwidth needed to ineltie ' Harmonicof the clock rate At 28

Gb/s with a clock rate of 14 GHz this would require 70 GHzdwidthwhich significantly

increases both design and measurement challenges. A more readésticthumb is to loolat

an exponential rise timand not an ideal step edge and aewhat frequency the signal power is
reduced by 50% or 3dBThis isa reduction in voltage amplitudisy 30%. A simple exponential
rising edge based FbealculateshisFr(3dR) pomtdor midealssep semtt U
through a path with given risetime as:

8 ~ 8
I m | Equationl

Yi yg<bg b Y yg<pg b

Utilizing the 20%80% risetime values, the faster estimate loé Tx rise-time on die of 5 ps
gives a maximum bandwidth of 44 GHz and slowertiis® measured at thEackagéPCB
interface ofL3 ps provides a minimum bandwidth of 17 GH4.these frequencies the design
becomes easier and there are a greater numbegagfurement options.

1 ™

The next problem is thaven though we have an estimate for the maximum bandwidth of our
time domain signal, the desire to eventuallyedebed this measur&iparametespectral

response of the path from the measurement means ihaeicessary to convert the spectral
response back to the time domain. This conversion from the frequency domain back to the time
domain is based on the assumption that with a linear passive system, one can add up a series of
sinusoidal inputs to arrivat the actual time domain wavefarnhisis the basis of Fourier

theoryas shown irFigure4 Case 1 However, at each frequency, this assumption requires that
there are additional higher frequencies available to provide the necessary addition and
subtraction to arrive dhe actuatausal time domain waveform with no signal arriving before

the effective timeeroarrival of the step edgdf the signal strength is significant at the

maximum frequency of the bandwid#@nd additional frequencies are not available for

cancellation tbn one ends up withoise ripple at these higher frequenaidsch is also known
astheGi bbos plh,Eigueem@ase



Case1:
Infinite Sum
of Sine Waves

Case 2:
Finite Sum of
Sine Waves

Band Limited

Figure4: A square wave can be recreated by the sum of the odd harmonic sine waves.

To see how this affects the measurement of the signal path and the desieenioedeback to an
accurate measurement of apgs3ise-time signal at the X package, it is instructive to look at
how muchmeasurement bandwidth will accuratelycreate such a time domain sign&tarting

with a time domain pulse with a 13 ps rise me ,

216 ong

and ps |

Gb/s) it is easy to see tp& Qinear roll off in frequency content on the dB log plot obtained
from an FFT transfornSee theplot in thelower leftquadranof Figure5. Bandlimiting this

spectral content with an abrupt bralall filter at 17 GHz results in ~5% ripple error on the time

domain waveform when converting back with an inverse. F&&e the pkin the upper right

guadranof Figure5.

Time Domain
Simulated Pulse

13 pS Rise Time
216 pS Pulse

L

Frequency Domain (FFT of Pulse)
0

i-FFT of Bandlimited
Frequency Domain
Data

~5% Ripple

20 pS Rise Time
216 pS Pulse

1

Frequency Domain (FFT of Pulse)

Bandwidth 200 GHz
Insignificant Amplitude
at the band-limit.

-204

404

604

dB(FFT_pulse(0:1::2000])

-804

LA

- ]

Bandwidth 17 GHz
Brick-wall Window

204

-404

-804

-100 T T T T T T ] T
i} 10 20 30 40 S0 60 7F0 80

freq, GHz

T
90 1

0

-100 T T T

T T T T T T
0 10 20 30 40 50 60 70 80 90 100

freq, GHz
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case of the original 18srise-time it can be degraded as mus#a psby aBessewindow with

no

vi si bl e (Fgurdd kefdsidg. eTrading gffyisome ripple foa better29 psrisetime

gives an amplitude rebff of -37 dB at 17 GHZFigure6 right side). These very slow rise
timesclearly show that the 17 GHz bandwidth is noaider converting from the spectral
domain back to the time domain f@covering a3 psrise-time edge rate
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Another technique that is available for dealing with the abrupt anted data from a

measurement or an EMmulation is to use the laws of causality to fill in the missing spectral

content that isequired to cancel out the Gitsbenergy. Using a Hilbert transform that splits the
frequencyto-time domairtransform into odd and even components, and then usirir#meers
Kronig relationship t hadtimeszarg ar beforbeé tmedeaa n 6t b e
required for an edge to travel through a path enables one to fill in the missing syeteat®.

This missing spectral content in the frequency domain is designed to not alter the frequency

content of the time domain signal, butratbem nc el out the undesired Gi

Comparing this with a traditional FFT exponential windowing technique with 17 GHz band
limited data shows that the traditional method significantly corrupts the 28 Gb/s PRBS7 eye due
to the reduction in riseme from the windowing at 17 GHz, while the causal transform method
struggles to maintain full spectral amplitude at 17 GHz, as shown in the top grdphsreB.

The causal transform gets closer to the correct amplitude, but suffers from a lack of information
to truly fill in the shape of the rising edge. Increasing the bandwidth to 34 GHz provides a much
more ralistic eye prediction and the causaktyforced transform with lgsrisetime is very

close to the original time domain ritene of 13ps
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Bandlimited Spectral Data — 17 GHz Bandlimited Spectral Data — 17 GHz
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Figure8: Comparison of traditional windowing with the Fourier transforws.the causality enforced Hilbert
transform for channel data that idand-limited at 17 GHz anet 34 GHZor a 28 Gb/s PRBS7 transmission.

Going out to 50 GHz results in the correct tisee for the causality enforced transform, and
then atl50 GHz both methods easily achieve arcurate recreamn of the time domain signal.
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Figure9: Comparison of traditional windowing with the Fourier transform vihe causality enforcedilbert
transform for channel data that i®and-limited to 50 GHz and 150 GHiar a 28 Gb/s PRBSi#ansmission.

This analysis provides the information needed to understand the required bandwidth of the
measured or simulate&siparametebehavioral model of the fixture channel such that when it is
de-embedded from thia-situ measuremeraf the SERDES &msmitterone can have the
necessary bandwidth to accurateharacterizehe Tx signal at thBGA packageéunps

Fixture Removal Methodology

Precision probing on higbpeed devices requires highndwidth probes and a probe station
with a camerd. However, for optimum measurement fidelity and ezfsese, accurate device
characterization is usually performed by connecting test equipment to the-dederetest
(DUT) via a fixture and high quality coaxial cables.

If the high speed channel fixe degradeshe signal from the DUT, the resultant signal measured
by the test equipment will be distorted. However, if the fixture is accurately characterized
through measurement or modeling (or ideally both), it is possible to removegorta, the
effects of thdrequency dependent losses of tixéure and/or cables from the measurement. It

is important to note that eembedding should not be expected to absolve the designer from
using good fixture design techniques and materialserbeedding &s its limitations and every
effort should be used to minimize signal degradation due to a fixture.

Many different approaches have been developed for removing the effects of the test fixture from
thephysical layer measurement and these approdah@sto two fundamental categories: direct
measurement (pr@easurement process) andaiebedding (postneasurement processing). An
approximation of ease of use and accuracy of thes¢éetmiques is shown figure10. Direct
measurement requires specialized calibration standards that are inserted into the test fixture and
measured. The accuracy of the device measurement relies on the quality of yses# ph



standards. Dembedding usean Sparametebehavioral modebf the test fixture and
mathematically removes the fixture characteristics from the overall measurement. This fixture
de-embedding proceduiis mathematicallyery accuratehowever, it is completely dependent

on the accuracy of the @arametebehavioral model. Even if the DUT uses ruwaxial
connections it is possible to still obtain thgp&ametebehavioral models of the fixtusgithout

the need for measurirgpmplex n-coaxialcalibration standards.

Error Correction Techniques

Most ?

Accurate A\ S-Parameter De-embedding

© Line-Reflect-Match (LRM)
© Thru-Reflect-Line (TRL) A Automatic

4 a1 E Fixture
@ Short-Open-Load-Thru (SOLT) tEmircai

© Normalization
© Reference Plane Calibration

A Port Extension
A\ Time Domain Gating

>

Most Simple

© = Pre-measurement error correction
A = Post-measurement error correction
Figurel0: Calibration techniques for error correction in measurements.

The Automatic Fixture Remov?AFR) methodology was introduced to signal integrity
applications at DesignCon 20%" This initial AFR required that the usfatbricate a calibration
PCBteststructurethat was the fixture plus a mirror image of the fixtara | | ed A2 XTHRUO.
worked very well for most applications where typical topology encompassed two fixtures on
eithe side of aDUT. There are new applications emerging with slightly more complex
topologies where fabricating a 2X THRU is difficult (such as the ones shown in Detail B of
Figure3) or simply unavailable on the final-asiilt product.The new methodology proposed by
the aut hors of tphoirst phespBebally, there ixna heledetalfabdacaté 1
separége calibration structure. Thi-port AFRmethodology utilizethe test fixturechanneitself

as a calibration standard. The test fixtcnannelcan have either an open or short at the end to
establish thelesired DUT measurememgferenceplane This sinplifies the process considerably
while trading off less theoretical accuracy with the reduced number of standard&ebut
improving accuracy witthe simplicity and improved repeatability of the-situ standards at the
actual DUT measurement referemane.

The design case study pictured beloviFigurel1 shows a series resonant Beatty standard
between two test fixtures. This Beatty standaivweellknown and characterized structure by
microwavemetrdogistsaround thevorld!® and is a good test vehicle to compare and contrast
various error correction methodologies.
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Figurell: The simpleseriesresonant Beatty standard is used to verify the AFR calibration methodology.

The impedance profile of the Beatty standard is shown bi@léwgurel12 for the following
methods: TRL Calibration (ThrReflectLine), Generation 1 Automatic Fixture Removal (AFR)
using2XTHRU and finally the proposed Generation 2 Adngl-port. As one can easily see,
all methods correlate quite well with each other

m;:wow Beatty Standard Experiment wawe  Beatty Standard Experiment - S21
T11 Red = Gen 1 AFR with 2X THRU .00
s || T11 Purple < Gen 2 ARR with 1-port | s T11 Red = Gen 1 AFR with 2X THRU
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Figurel2: Comparison of the quality of théixture de-embed vs. the type of calibration used for obtaining the
full Sparameterbehavioral modelof the fixture channel

The benefibf fixture deembeddings clearly seen when looking at the insertion loss and return
loss data. Before removing the fixture, there are multiple resonant structures in the physical layer
channelith theBeattystructure This can be seen by looking at the very choppy red S21 an

blue S11 waveforms depicted in the lower left porobfigurel13. However, after the automatic
fixture removal is performed (after -@@nbed), thdnarmonics of the ¥4 wavelengtBsonances

from the single series impedance discontinuity are clearly visible in the very periodic and smooth
data in the lower right portioRigure13.
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Figurel3: Benefits of fixture deembedding verified using a simple series resonant Beatty structure.

It is worth notingthat he fAr i ppl ed or struct ureflectonsn t he fr e
between the fixture and thewce under test require full@atrix deembedding. Just de
embedding the S21 adjusts the overall magnitude but does not change the ripple due to
reflections.This is clearly seen in thanalysisof the Beatty exampletherethe DUThasa 1x

fixture on either side creating multiple reflections that reqaif@l Smatrix deembed

However,in the case of dembedding for an Hsitu Tx measurement, there is only a single 1x
fixture terminated at th&x. In the case where thEx is impedancenatched and can absorb any
reflections coming from the channel fixtureethonly the S21 data is needed foretebedding

the frequency dependent losses of the fixture channel. This pargatliedding still captures

the frequency dependelosses of the multiple impedance discontinuities within the channel, but
is less sensitive to electrical length differences betwee8-gaametebehavioral model of the
fixture channel and thedsitu fixture channel during measurement.

It is worth notingthat electrical length differences as small as 12 mils (the thickness of a sheet of
paper)caused bygable movementariations in adaptersonnectomatingrepeatability etc.can
cause significant errors at higher frequencies whengnp implement full dembedding of the
S-parametematrix. Partial deembeddingf thetransmitted insertion loss (S24dj the channel
with a Tx impedance matchedabsorb reflections from the fixture channah be detter
optionthan full Smatrix de.embedling asshown in the right side dfigure14. If the Tx is
perfectlyimpedancenatched thetthe center black trace shows thiare is 0 dB of error with
thepartial deembed. If the Tx is not a perfect match then the blue solid trace igthph shows
the dB of error for the channel log&h .1nF of mismatch at thEx. Comparing this with the
red dashed trace offall S-matrix de.embedwhen there i®nly 12 mils of electrical length
difference betweethe insitu channel lengthnd that of th&-parametebehavioral model
shows that the full dembedhaslarger errors then the partial-édenbed.
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