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Abstract

Having an extremely stable and precdissetor Network Analyzer (VNAmMeasurement setup is

imperative for the design validation, analysis and troubleshooting of package and printed circuit board
(PCB)high-speed interconnectdn a fourport VNA configuration differentialmeasurements taken

using grounesignatsignatground (GSSG) wafer probes inclugarasitic coupling between the probe
tipsthat isnot calibrated out usingmanualshortopenloadthru (SOLT) calibrationtechniquewhich
employsa 12-termerror model This can result imeasurement inaccuracyn this paper, probe

coupling and the consequent errorsmattering parameterS-parameterswill be measured and
characterized as a function of spacing between the probes.

This uncompensated errcan introduce inaccuracies in chanclehracterization, specifically fand
crosstalk, and may result in misléglconclusions.Definingthe residual probe characteristibgsides
probeto-probe couplingafter an SOLT calibration will help to close thieasuremergimulation
correlationloop.

An approximate coupling model for diffamtial probes will be developed, which will alldine
possibilityof modifying the VNA waferprobe measurement resudiiscordingly.
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1 Introduction

TheVNA offers an extremely stable, precisad versatile measurement platform for the design
validation, analysisandtroubleshooting of package and PGigh-speed interconnects.

As electrical networks increasingly operate at higher frequencies, network analyzers are often employed
to measuré&-parameters Characterizing electrical networks ustgarameters has gained popularity
because signal power is easier to quantify tr@tage or current at radio and microwave frequencies.

The VNA utilizes ratios of power to define network characteristiosjuding but not limited to,

insertion loss and return loss.

Obtaining the best possible measurements with a VNA requires aiedidstanding of the interaction
between measurement components, possible sources of error, and error modeling. The accuracy of
VNA measurementss determined by the accuracy and quality of calibration standards, the repeatability
of the measurement sgshs and the thoroughness of error models.

One significant challenge in VNA measurements is defining the reference plane, which is where the
measurement system ends and the device under test (DUT) bégthsvafer probing, tiis boundary

will often be bcated at thenicrowaveprobe tips.In a perfect world, with a perfect calibration, the
system will measure only the characteristics of the DUT ected to the reference planes.this
paperhowever it will be shown that prob&o-probeparasiticcouding, as well as prob&-DUT
parasiticsmay not be accounted for depending on the calibration routinsudrsgquengrror terms.
Specifically,in afour-portport VNA configuration, duabr differential waferprobeto-waferprobe
couplingis notaccounted for im standard 2-termerrormodelSOLT calibrationtechniqgueandcan

result in measurement error.

GSSG microwave probese favorable for differential PCB measuremdrgsaus®f the conventional
GSSG pad arrangementypical GSSGprobes have signal tips that are arrangedisyagide; when
carrying differential signals, the two tips create fringing fields. Such field patteuse coupling
between the tips [1]We will show thathis probe coupling idependent on the DUds wdl as the
probe geometry.

Whenmeasuringlifferential PCB tracesising wafer probeshe spacing between the tips of B8SG
probes is determined by the pitch of theasuremerggadsor traces The spacing between the probe
tips may need to beeadjustd betweemmeasurements. Therefore, it is highly important to understand
and quantify the possible measurement error caused by the coupling betwesn probe

In this paper, parasitic coupling betwee8SGprobes will be investigateahd quantified.Several

SOLT calibrationswith differentprobeto-probe spacingwill be performed; measurements of different
spacings applying the aforementioned calibrations will be takars will demonstrate that a manual
SOLT calibration employing &2-termerrortermmodeldoes not account for the effects of wafer probe
coupling during VNA measurements.

Depending on the proke-probe spacingar-endcrosstalk measurements can vary up to 15 8éch
variationbetweerlVNA measurements may raise valid concerbs.differential wafer probe
measurements reflect the true properties of the DUAddederror caused by probe-probe coupling?
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Singleendedfour-port port aosstalk measurements, which are often a serious consideration in PCB
design, may be subjected tog inaccuracy.

By modeling the prob&o-probe couplingising several tools, we quantify the coupling as a function of
distance. This will lend insight inthhe extento whichwe can trust differential wafer probe
measurements and the ppsbcessingesults



2 The Calibration Process

Proper calibration of a VNA is necessary for accurate network measurements. A VNA calibration
should define systematic errors that are mathematically removed during VNA meagaremen
Systematic errors are timevariant measuremeetrorscaused by the imperfections of the test setup
and test equipment.

It is important to notéhat random errors, which are not accounted for during calibration, enay b
introduced during measuremeruch errors are naepeatat# and vary with timelnstrument noise
for examplemay be @fined as random error.vEry VNA measurement is prone to measuent

~

uncertaint ye fecalmtiowi t h a n

One sourceof random error associated withuir specifictest setupvas quantified in a simple study.

This sourceof errorisdue to coaxia{coax)cable movementTherandom error associated with coaxial
cable movemenwas studiedy taking measurements a mechanicahrough thru) with different

cable orientationsNine measurements of singtaded insertion loss afmeasureanechanical thru are
presentedn Figurel. Between measurementke cablesvereplaced in different orientations
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Figure 1 Error associated with cable movemgttbp lef) Singleended insertion loss of mechanical thru in decibels versus
frequency;(top right) Singleended insertion loss in magnitude versus frequeroftdm Standard deviatioof single
ended insertion loss versus frequency

It canbe seen ifrigure 1that the greatestariationbetween measurementsdacibelss in the range of
10e 2, at approximately20 GHz. Thisamount of error gradually increases with frequeibcy thecable
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movemenerror in our measurement setup is still relatively small at all frequentiesstandard
deviationplottedat discrete points is relatively small as well, with a peak value of 4.141%He
approximately\25 GHz.

There are two common calibration methods: S@hd@ Thry Reflect, Line (TRL) calibration.

The SOLT calibration is perhaps the most common of all manual VNA calibration techniques. The
SOLT calibration can be done with coaxial calibration kits or wafgbgcalibration substrates.

Figure 2(a) shows a simplified calibration substrate with open, load and thru standprdhg
calibration performed for the following measurements utilized a calibration substrate.

In an SOLT calibration he reference pteeof one probés connected to each standardividually for
the VNA to measure. After said measuremethisiwo reference planeseconnected to form a thas
seen inFigure 2 (b).

OPEN SHORT
Signal )
Ground

LOAD THRU

CALIBRATION SUBSTRATE

@)

==
R =

Figure 2 (a) Simplified diagram of SOLT calibratisubstrate with short, open, load and thru standafdySmplified
calibration substrate loofrack thru standard, SOLT technique




ForaTRL calibration, the calibration standards carfdi®icated and characterized using the same
material as th®UT. For PCB applicaons, this means that some area of the Bduld be used for
placing the calibration structuretn addition, well-constructed, repeatable standards are essential for
themost accurate TRL calibrations.

Inhomogeneous dielectrics, P@Bnensional variatios) and the glassveave effectnake it difficult to
obtainaccurate measuremsnisingthe TRL method. Expanding upon this pointheglassweave of
the laminate may not run parallel relative the traassllustrated ifFigure 3[3].

Figure 3 Photograph of glassveave with two differential pairs (arrows are aligned with
the two differential pairs and a portion of thpper pair is highlighted in red)e angle
of the weave relative to the trace is apparent and several horizontal glass bundles are
highlighted in black

In fact, the glassveave routing angle may not be consistent throughout the length of differential net.
This is just one of many possible asymnasithatcould introduce error into a TRL calibration.

The study of calibration methods other than SOLT is outside of the scope of this Pagananual
SOLT calibration was used for calibration of the measurement system up to the tips of the differenti
probes unless otherwise noted.

Thefour-portport SOLT calibration used for the following measuremaetitzes a 12term error

model Theseerror terms correct for the inaccuracies of coupler directivity, source match, load match,
reflection tracking, transmission trackirand internaleceiverscrosstalk (leakagd)]. However the
12-termerrormodelused to correct the measurements cannot mathematically correct for cauphiag
reference plandd] [5] [6].

There are calibration methotlsat includel6-termerror modelghat include leakage at the test ports and
reference planebutsuch calibraonsmostly require specific or custom calibration substrates aud h
notbeenimplemented in most VN&

The effect of coupling between prataen calibration accuracy and measurement results will be studied
in the following sections.



3 Coupling Observed During Measurement

In order tostudythe effect ofprobeto-probecoupling severalkalibrationswere performed using 500
pum pitch differentiawafer probes Manual SOLT alibrations were performed wi280 um, 450 um
and 2000 um spacing betwetie probesips. After the calibrationof the measurement systene two
differentialprobes were touchead the air, effectively creating #hru, as seeim Figure 4below.
Measurements were then tal@monstanprobe spacing while applyirtgedifferent calibratios.

It is assumed that at a spacing of 2p@®@there is minimal or negligiblprobeto-probecrosstalk.

Figure 4 Studyingthe coupling between GSSe@fer probes by touching them in air and performintheu measurement at
different spacingsfleft)2 0 0 Ospacing (right) 4 50 e m spacing

Nearendcrosstalk (NEXT) and faend crosstalk (FEXTineasurementsre shown irFigure 6and
Figure 7below. All the S-parameters presentedve beemormalized to 50 ohmsThe port
assignments can be sdegure 5

1 2
3| DUT |4

Figure 5 Port assignments to be used for the interpretation oStharameters presented
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Figure 6 Sparametersmeasuredrzia VNAwhile probestouchingthru in air with 20 pm spacirg andthe 3 aforementioned
SOLTcalibrations applial; (left) S13; (right) S32
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Figure 7 S-parameters measured via VNA while probes touching thru in air with 450 um sendtige 3 aforementioned
SOLT calibrations applied; (left) S13; (right) S32

When e probes were positioned thruthe air with a spacing @00um and450 um andthe
calibrations performed at different spacings (@ 500um, and 200Qum) were appliedo the
measuremenminimal change in probm-probe crosstalk is observedhis might suggest that coupling

is not being captured during calibration.

This possible failure to account for preb@probe coupling in calibratiowas further studied by
calibratingthe measurement systamly to the end of theoaxal cableqredefining the reference
planes)using an electronic calibratiqeCal)moduleandsimilarly measuring the probesuching in the
air [7]. The measurements corrected with an electroalibration should contain the characteristics of

the probes, as the reference plane has been redefined.
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Figure 8belowshows theNEXT for probespacing of 280 pm, 450 pumand 2000 um For each
measuremengCal wasapplied to the measurement as wellreesSOLT calibration.This figure shows
themeasurementsorrectedwith the electronic calibration juxtaposed witheasurements corrected with
the SOLT calibration.

S13 [dB]

ffj.-;' ——  Calibrated Probe
] N Uncalibrated Probe
-100 = - ' -
05 1 15 2 2.5
Freq [Hz] x 10"

Figure 8 The comparison of S13 measured with tifterent calibration methodgCaland LT, via calibration substrate,
at 3 different spacings

As is shown inFigure 8above the crosstalk (S13) efinedsimilaly whetherthe calibration is donep
to the end of the coax cabl@Cal)or theprobe tipgSOLT). This suggestthatwhenperforming an
SOLT calibration, the coupling between the probes is netndeedded from the measurement.

Regardless of therobe spacinguringan SOLT calibration the probeto-probe couplingvill affect the

measurement resulvhich isdependentn the probetip-to-tip spacing. This can be seen in the above
figure and will be characterizad the following sectioa
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Figure 9 S13 measured while applying the SOLT calibrafwre r f or med wi t h a pwitbfrabets paci ng
probe spacing of 380dem00@59me m, 1000 e&m

In Figure 9above, it can banferredthat probeto-probe crosstalk is a function of distance between
probe tips. As one might expenipre crosstalk is measured as the probespaed closer to one
another. Br this probeo-probe configurationthe differencébetween singlendedcrosstalkfor
different probeto-probespacingis nearly 15 dB.

It should be noted that at lower frequencies, the measured crosstalk is se&hdBdr lower) that
this measurement is too close to tlogse floor of the VNA and thusutside ofte i nst r ument 6 s

accuracy range.
4 Measurement and Simulation Correlation

4.1 3D Field Solver Probe Thru Model

A 3D field solverwas used to perform fulave field simulationsising the referendd]. Since the
details of the probe construction were unavailable, the probe geometry and dimeessomeasured
under a microscope; threedimensional structure was manually created including the coax sleeve,
ground bladeand the center pinThe coax dielectric material was approximated @ffon, andthe
conductors wex assigned as coppdfour waveports were used at the enchefd¢oaxand a radiation
boundary was applied to the surrounding airbdke project was parameterizedthat different signal
to-signal spacings could be simulated.
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(b)

(0) (d)

Figure 103Ds mu | at i o rpitcb differBnfiabvafe pnobes; (a) Two probes excited with 2000 um spacing; (b) One
probe excited with 2000 um spacing; (c) Two péecited with 450 um spacing; (d) One probe excited with 450 pum
spacing

The current density plots shownkigure 10 were aeated using two different paassignmentsin the
first assignment, each probe was excited equally and in plhaseallows us to visualize the current
flow on each probe and the return current on the ground bladke second assignment, only one
probe was excitedBy doing this we can see the coupled current to the neighboring, pvblmh is
almosttentimes higher for the case with smaller probe spacing at the frequency of 20 GHz
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The S-parametergxtracted fom the3D simulationareshownin Figure 11.In this figure,insertion
loss, reflection lossiearendcrosstalk and farend crosstalk are plotted vershe thru probe
measurementhenthe system was calibrated to the end of the coaxial cédil=d)

Differencesbetween simulatioresultsand measurementsay be attributed tthe coaxialconnectos
(which werenot included in the simulation)he probeto-probe contact area formed when probesf
opposite sides are touchirapd the material andimensional properties of the probes, whicheve

estimated.
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4.2 Equivalent Circuit Thru Probe Model

In order to quantify théhru probeto-probe coupling, an equivalent circuit model for theching
probes was createsing[9]. Said circuit model can be seerfFigure 12below.

o.o2pFT 0.03nH To.02pF TO.OlpF O.OlpFT o.ozpFT 0.025nH 0.018pF
Portl e Y Y Y Y Yy, Port 2
7 1nH 0.03nH 0.025nH 0.3nH™

[

\

L
\a r/;L’nH C C T 03nH\
\ ‘ 0.022nH 0.022nH ‘ v
Port3 O a'a'a's e e o e SN

"\N‘“"\—_L—o Port4
0.0EpFT 0.022nH T0.0I&pF T0.0lpF 0.0lpFT O.OZpFJ' 0-022nH L g 018,F

Figure 12 Equivalent circuit model of thru probésuchingwith inductive and capacitive couplingapacitive coupling
between probe tips lghlighted in redand inductive couplings highlighted in gray

Each individual probe was modeled with circuit elements as a series indndsirunt capacitoin a pi
configuration. The capacitive coupling between the signal pins was modeled by adding a capacitor
between two the probéips. Both inductive and capacitive couplimgreneeded in order to get a good
fit to the measurement data while the probe spacing was 200T erinductive coupling was modeled
by adding aseriescapacitor and inductor to each probe with mutual inductaneeeba the menticed
inductor with the other probeAdding this series inductor and capacitor lsahyadding more poles to
the model andonsequenthachieve bettermatch atow frequendes.

It is shownin Figure 13 thaprobeto-probecoupling can be captured by changjastthe value of the
coupling capacitor. It should be noted that this probe model was genesagztion the calibrated
probesand is mainly capturing the probe characteristics that have not besnbselded during
cdibration.
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Figure 13(a) Nearend crosstalk of equivalent circuit modéth inductiveand capacitive couplingersus measurement for
three different probe spacingstror bands represent the VNA measurement systaotimacy; b) Nearend crosstalk in
magnitudeof equivalent circuit modetith inductive and capacitive couplin(c) Nearend crosstallof simplified(only
capacitive couplingquivalent circuit modetersus measurement for three different probe spacthgsmodefits the near
end crosstalkvell above 10 GHz; (dfoupling capacitance as a function of spacing between probéotipise simplified
probe model

As mentioned, abw frequencies the amount of the crosstalk isrsall thatit is not within the

accuracy range of the VNAVNA measurement accuracy has been characterized in a separate internal
study by repeating the measurement and probe landing, performing salibrations and moving the
cables between each measureménpart of this error study was presented earlier in the pafies.

error bandsassociated with these sources of ear@depictedn Figure 13(a).
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Since the amount of couplingrislatively small for frequencidess than 10 GHand capacitive
coupling is mostly dominantye can neglect the inductive coupling,jasisplayedn the modein
Figure B (b). A simplified model with only capacitive coupling was used forégmeainingsimulatiors
presented in thpaper.

For each spacing, the value of the coupling capacitor is adjusted to get the best fit to the measurement
data. The value of the coupling capacitor in picofatEtseases exponentially by increasing the probe
spacing in microns. The value of the coupling capacitor follows the equation

0 W | w
whereU = ®B=184, xis in microns and C is in picofarads.
4.3 Separated Probe Model

To gudy the effects of prob®-probe coupling on a real world DUT, wafer proldA measurements

were taken on a differentiabtwi t h t h gitch&8SG wafen probesThis net was a straight

isolated2 . 4 2 8 0 irsatpradtigal PCBiIreorder to land the differential probes on the stripline, a

small section of trace was exposed and grauasiconnected from upper and lowayels, as can be

seenm Figure 8. The widthofeachc opper trace was appr ohespaiegt el y ¢
between the traces was approximately 6 aslsvell. The measurement was taken with a prtabe

probe spacing of approximately 400 & m.

A

o S S

S

Figure 145 0 0 ihwafer probes landed on an exposstdpline in order to study the effectsmpbbeto-probe coupling
on a practical DUT

The measure8-parameters of the straight differential striplimere correlated to 2D simulated
differential transmission line modesing reference [10hs seen ifrigure 15
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Figure 15 Front view of differential stripline model used to correlate with meas8redrameterssia VNA

The S-parameters of theD simulatednodel were then cascadefth the separatepgrobe modelthe
ficomplet® probe DUT-probemodel follows the diagrasand equivalent circupresented ifrigure 16
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Figure 16 (a) Block diagram oprobemodelcascadedvith DUT; (b) Complete model of probeUT-probewith coupling
capacitor highlightedn red
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Figure 17 Juxtaposedparameterdrom waferprobe VNA measuremeierrelated2D simulation of measured differential
net and complet@D simulation with probe model at the beginning and end of DE)I'Singleendedinsertion loss; (b)
Singleendedreturnloss; (c)Singleendednearfar-end crosstalk; (dpingleended ear-end crosstalk

Figure 17shows that even after an SOLT calibration, thereaininductance and capacitance due to the
GSSG probes thairenot calibrated out and present in Byparameterslit can be seen that in the ideal
2D simulation without probes, the singdaded return loss stays relatively flat up to 40 GHz.

In the VNA wafer probe measuremetdthe probeDUT-probe model, the probe parasit@paitance
andinductance manifests a upward slopevith increasing frequenay singleended return losswith
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different probeto-probe spacing, simulated by changing the value of the coupling capacitor; single
ended insertion loss, retulwss, and neagnd crostalk do not varysignificantly.

However,looking at the prob¢o-probe impact on FEXT is interesting. With a prabgrobe spacing

of 2000e m, where the probe coupl i ngDUT-probasimsulatoed t o |
matcheghe 2D strpline sirmulation without probes relatively welllThe probeDUT-probe model, where

the spacing between probes is 450 em, mattehes t
probe s paci nTyisswugyests thépbobescoupling is the source of misrhatereen

simulated and measured FEXT.

It is logical that FEXT is noticeably affected by pretoegprobe coupling while prob®-probe coupling
affects NEXT negligibly. For NEXT crosstalk, the relative amount of coupling between différent
traces maskghe smalleramount of probeo-probe coupling in a homogeneous strip]ities can be
observed irFigure 18. The constant velocity in a homogeneous media (such as a stripline) forces far
end crosstalk noise to be small. As a resldt,effect of probeoupling ismore obvious for faend
crossalk by adding inhomogeneopsobes.

The effects of probéo-probecoupling on neaend crosstalk and faand crosstalk versus trace spacing
and probe spacingredepictedn Figure 18.

Although the impact of ptwe characteristics on the measurement re@olsrtion loss, neagnd

crosstalk)ymay be small, in scenarios where accuracy matters, it is important to understand and quantify
the probeto-probe angrobeto-DUT interaction, as dembedding these characteristics helps to

uncover the characteristics of the DUT itself. It becomes clear that in any GSSG probe measurement,
there is a certain amount of unavoidable ecearsed by the electromagnetic naigion between probes

and DUT that is evident in singended return loss.
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Figure 18(a) Far-end crosstalk as a function wce spacing and probe spacingd) Nearend crosstalk as a function of
trace spacing and probe spacing
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As shown inFigure B (b), for highly coupled traces, NEXT does not change significantly as a result of

probe coupling. Howevethe effect of probe coupling can be noticeable for loosely coupled traces.
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net and complet@D simulation with probe model at the beginning and end of OE)TDifferential to common reflection;
(b) Differential to common insertion; (c) Differentialsertion (d) Differentialreflection

Thenearenddifferential to commortonversion is calculated as

Scdl1=(S11+S31-S13-S33)/2
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However, he ideal symmetrictransmission line model generataygithe 2D simulatordoes notapture

the measurethode conversioasshown inFigure 19 This mode conversion can be a result of
reflection difference at poft and 3, or neaend crosstalkbetween these two port&ince the 2D model

is close to symmetric, mode conversion is not affected by changing the spacing between the probes.
The asymmetry of the probesich is captured ithe equivalent circuit modé& the source of the
observed moel conversion irfrigure 19

Thedifferential to commo-mode transmission at ports 1 and 3, which is calculated as
Sc®1=(S21+S41-S23-S43)/2

suggests that in addition to the prepthe difference or asymmetry of the two measdifdrential
traces might also responsible for the observed difference between the measurement and simulation.

Asymmetry in the measuretifferential striplinemay be attributetb norruniform dielectric. The glass
weave in the dielectric may cause P and N asymmetriebdhame apparent in skew between traces,
different trace irpedances, differences in singladed insertion loss, mode conversion, etc.

Figure 20 Cross sectiomwf the stripline measured with the wafer probes and correlated to 2D simulation at two different
locations; the black areas are the copper traces and ground pldmesght areas are the resin and the dark areas are the
glass bundles (glass weaving)

Figure 20shows the glass bundles at two different two locations along the test board. It should also be
noted that the glass bundles do not remain in a constant location; this suggests thatWeagass
orientedat an angle relative to the differergt, as mentioned earlieThis weaving effect may create a
nonuniform dielectric constant since the dielectric of glass is much higher than that of epoxy
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5 Summary/Conclusion

Modeling the residual capacitive and inductive characteristics of GSSG pradesounted for ian
SOLT calibrationwith a 12termerror modeis usefulfor understandinghe impact ofvaferprobeson
VNA measurements. Including the probe characteristisganulations will help to close long standing
wafer probe measuremesmidsimulationdiscrepancies. The variatioh FEXT and return losketween
differentwaferprobemeasurementsiay now be explained as we close the measuresiauntation
correlationloop. The proposed methods for madglprobes may be used to-dembed the probe
characteristics from measurememts/ealing the true characteristics of the DWMore specifically,
measurements may be taken with calibrated probes (up to coaxial eadgleB)ring posprocessing,

the probe characteristics may beatabedded using a 3D probe model, which would effectively leave
the properties glust the DUT in the measurements

The residual GSS@robe characteristics manifest an upward slope in the return loss. If the
characteristics of the probes are noedebedded from the measurementsasuredingleended return
loss may surpass a mask, when in the redligymask has not been broken.

The observedmpbeto-probe couplingn the measurement and simulations studied mostly affeets far
end crosstalk. No significant impact on simulated eye diagrams was observed.

SOLT calibration is a desirable calibration techniqgueP#GB VNA wafer measurementeresidering

the possible errors associated with a TRL calibration methedodgeometry variation and
inhomogenous materials of the customized calibration standdneimybe of interest to modify the 12
term error model used fon&OLT calibratiornto accoumt for probe couplings well agesidual probe
DUT parasitics.
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