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Abstract

S-parameter measurement with fixture de-embedding is a critical task to address the
current challenges of complex systems running at high data rates and high-
frequencies. The era of a single engineer doing all the simulations and measurements
and controlling every aspect is long gone. Projects require multiple teams sharing
component S-parameter files, and multiple people measuring S-parameters with
different equipment and fixture de-embedding methods.

In the context of the IEEE P370 standard activities, the members collected data on
how measurement results and de-embedding results can vary across different teams.
Consistent results are not only determined by the accuracy of the equipment each
team uses, but also by other factors such as: how the measurement is set-up, the
quality of the cables and connectors used, and the care that was taken during the
calibration to name a few of the factors that will be discussed.

In this paper, we present the analysis of the data above. The measurement equipment
and fixture de-embedding tools are anonymized. The objective is not to find which
setup is better, but to show how much variation can occur when different teams make
these kinds of measurements.

In the context of this exercise we will also discuss some lessons learned, best
practices for VNA measurements, and fixture de-embedding that can help make
measurements more repeatable.
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Introduction

Many RF and high-speed digital engineers have an innate trust in measured S-
parameters, particularly for passive components. In contrast, simulated performance
of these same passive components is viewed with a healthy skepticism. Why is that,
and is this thinking justified?

The trust placed in measurements has much to do with calibration. Vector network
analyzers (VNAS) are typically calibrated annually using NIST traceable standards.
Further, NIST traceable calibration kits are available to precisely define reference
plane locations. In contrast, simulation tools are typically not calibrated, and trust is
required that the simulation tool is used correctly.

This scenario changes when the measurement reference plane shifts from the end of
a precision coaxial instrumentation cable to a trace on a printed circuit board (PCB).
There are no NIST traceable PCB calibration Kits, rather trust is required that the PCB
structures used to calibrate are accurate and the algorithm used for calibration is
appropriate. Historically, thru-reflect-line (TRL) calibration has been used, but in the
past 10 years great strides have been made with other algorithms (2X thru and
impedance corrected 2X thru) for on-board calibration or de-embedding.

The IEEE P370 standard [1] seeks to define the best practices and methodology for
on-board calibration. This spans the proper design of test fixtures and calibration
standards to verification of the measured S-parameter files. As part of this standards
development effort, round robin testing was performed. The same test vehicles and
calibration standards were measured by different labs to gauge sensitivity to
instrumentation settings, test instrument differences and, most importantly, operator
procedures. The results of the round robin testing forms the basis for this paper.

The Measurement Reference Kit

For this exercise, an early prototype of the PCB test coupon kit presented in [2] and
available at [3] was used. Two different kits were measured, one with 2.92 mm
connectors which was measured to 40 GHz and another one with 1.85 mm connectors
that was measured up to 60 GHz. Figure 1 shows a picture of the used PCB kit and
the respective adapters. The exact same kit including the adapters was used by each
measurement team in the round robin exercise. It was shipped from one team to the
next as each team finished its measurements.



Figure 1: Used measurement kit (this version with 2.92 mm coaxial connectors).

The coupons were manufactured in Nelco 4000-13 SI with silver plating. A detailed
description of the kit and its usage methodology is presented in [2]. Each
measurement team followed the measurement script that is described in Appendix A.
In this paper, we will only concentrate on results obtained with the 1.85 mm coaxial
connectors Kit that was measured up to 60 GHz.

Measurement Setups

Although basically all S-parameters were measured with a vector network analyzer
(VNA) instrument, each measurement set was performed using a specific network
analyzer model, calibration kit and measurement cables. No specific requirements
were made on the measurement setup apart from the required maximum measurement
frequency. It was the responsibility of each team to select the appropriate
measurement setup and make sure it was performing as expected. The objective was
to mimic, as much as possible, the day to day reality of SI laboratory measurements.
In this routine, measured data is received at best with an indication of the
measurement equipment but no mentioning on its last calibration date or the quality or
type of the measurement cables. Another important aspect is the experience of the
person that took the measurements. As everyone has probably experienced, even with
the exact same measurement setup, two different engineers/technicians might get
different results.

VNA instruments from Anritsu, Keysight Technologies and Rhode and Schwarz
were used by the different teams, but the measurement equipment is presented
without identification.

De-Embedding Software

For this measurement exercise, different de-embedding tools were used; both
commercial and open-source. As mentioned in the introduction, the objective is to



understand the variations in results between different tools, not rank or score their
performance and accuracy. Results were anonymized to avoid bias. It is important to
note that several of the tools have parameters that can be modified by the user.
Because of this, different teams may arrive at different results even with the same
initial S-parameter dataset and de-embedding tool. Version tracking was not used
between the teams or tools. The data was only separated by the anonymized label of
the software tool. This mimics common data sharing practices between users where
naming conventions may include the specific tool used but omit the software revision.

The tools used were:
e Keysight Technologies PLTS

e Ataitec ISD
e Smart Fixture De-Embedding (SFD)
e De-Embedding Reference tool developed for the P370 Standard

The measured data presented will be anonymized not to include the de-embedding
software used.

Generic Guidelines for VNA Measurements

The principal instrument for measuring S-parameters is the vector network analyzer
(VNA). There are many excellent books and application notes providing in-depth
information on the theory and operation of the VNA [4,5,6,7]. This section presents
some guidelines for making reliable and consistent VNA measurements which
correlate well between alternative measurements setups. These guidelines also help
improve the quality of S-parameters for time domain simulations.

1. VNA calibration cycle is important. The same applies to the calibration kit.

Both a VNA and a calibration module/kit require factory calibration on regular
intervals: usually 1 or 2 years. Check the date stickers on the instrument to validate
they are not beyond their expiration date. If the calibration date has been exceeded,
the instrument should not be used for measurements and should be sent for
calibration.

2. Inspect all connectors including calibration kits

Always inspect that connectors are clear of debris and the mating surfaces have not
been damaged. Make sure VNA operators are properly trained in handling and using
the calibration kits. The socket interface should be held with a wrench, and only the
plug side nut should be allowed to rotate with the torque wrench for repeatable
connections and minimal wear. Be very careful to use the correct standard as
specified in the step by step calibration firmware during manual calibrations. A
mismatch between connector types or the wrong standard will degrade the quality of
the calibration and potentially damage a connector.



3. Proper use of adapters

Understand that adapters and connectors always degrade the measurement and
should be used carefully and sparingly. However, adapters can be an effective way of
protecting expensive instrument and cables from damage by lower quality connectors
on a DUT. When adaptors are used in this way, they are sometimes called “connector
savers”. When using adapters or “connector savers” always use metrology grade
connectors. Figure 2 shows a comparison of SWR between cables connected with
SMA to SMA, SMA to 3.5 mm, and 3.5 mm to 3.5 mm. The lower performance
SMA connector has a higher VSWR mismatch and even a small adapter can reduce
the calibration quality to that of the lower performance connector.
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Figure 2: Comparison between using 3.5 mm or SMA connectors.

4. Measurement cables are consumables, their performance should be verified
regularly and exchanged for new ones when needed

Defective cables are the most common root cause of erroneous measurements.
Cables are consumable and wear out over time, particularly where the connector is
adhered to the cable with a strain relief. It is a good practice to have multiple sets of
cables with performance data from the manufacturer to verify them. Figure 3 shows
an example of a degraded high quality coaxial cable after a period of usage.
Metrology grade cables are designed to be more robust, have more repeatable
connections, and lower VSWR interfaces. Performance cables are still designed for a
limited number of insertions but with guaranteed performance over their life. So
before use, verify condition and performance. Begin by visually inspecting both
cables and verify the connectors are still rigidly adhered to the cable. Cable stability
can also be checked by making a simple VNA thru calibration with the cable and then
seeing how the calibration drifts in phase and magnitude with cable movement.
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Figure 3: Comparison of two identical cables where one was used in multiple measurement
requiring cable bending and the other was never used.

After visually inspecting the cables, measure them with the calibration, or
correction, off. This is important because the calibration can mask their degraded
performance after the calibration and yield erroneous and unrepeatable measurements.
Connect the cables together with a THRU and move them around checking for
stability in amplitude and phase response of both transmission and reflection
parameters. Be sure to always use a torque wrench to tighten connections. When
tightening the cable’s connectors, an extra wrench may be needed to prevent the cable
from rotating and creating spring forces at the opposite end of the cable. That spring
force can result in loose connections.

5. Choose the right number of points and IF BW

The frequency measurement range is usually defined by the measurement
requirements but the choice of the number of points and IF BW is left to the
measurement engineer. The number of points for a measurement should as a rule of
thumb be at least eight points per wavelength. One can check if the chosen number of
points is enough for the target DUT by using the time domain as described later in this
section.

The IF BW should be chosen low enough for the target accuracy. Usually it is better
to setup from the start a smaller IF BW before calibration then to rely on averaging. A
1 KHz IF BW is good enough for most measurement scenarios.

6. Check the VNA measurement before starting calibration

The approach is to perform a quick uncalibrated VNA measurement calibration
using a simple device such as a metrology grade coaxial thru and verify there is no
unexpected behavior. Figure 4 shows an example of a pre-calibration setup. Use a
thru as it is typically very stable, reciprocal, and low loss.
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Figure 4: Comparison of the insertion loss of two measurements done with a VNA with the
calibration turned off showing that one of the measurement setups has an issue.

7. Perform SOLT Calibration with a Reciprocal Unknown Thru (UOSM)

When performing coaxial calibration with coaxial fixturing cables, the most stable
method is the short, open, load (aka match) and unknown through. This type of
SOLT is often designated as UOSM for unknown thru, open, short, match. The
calibration is performed using S-O-L standards at the end of each port cable and
finally an arbitrary unknown through is connected. The user supplied unknown
through has two distinct advantages. One the fixturing cables can be held in place and
no movement is required to connect to the unknown through thus significantly
reducing calibration phase and magnitude errors when using fixturing cables. Second
it makes it easy to have different connector calibration types on each end of the
unknown through for mixing and matching port calibrations to match the DUT
connections. This is a useful technique when measuring large digital PCBs that
require long cables or require this unsymmetrical type calibration with probes on one
port and coaxial connectors on the other. As was done in the pre-calibration step, at
the end of the calibration with the unknown through connection, the fixture cable
position (not the unknown through) can be moved over the expected range required
for the DUT measurement. Observing the S21 phase and magnitude will determine
the stability of the calibration.

8. Post-calibration check

The final step prior to making DUT measurements is to verify that the response is as
expected. First in the frequency domain, increase the number of points to verify the
frequency response doesn’t change. When you increase the number of points and the
response remains the same, you should be at the optimal number of points. Finally,
verify the points in the time-domain. This has to be done with particular care if using
the VNA lowpass response function as it requires a harmonic grid (uniform frequency
step). Increase the number of points, as with the frequency domain response.
Increasing the number of points should result in no change in the time domain
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response (TDR). If the time domain response changes by increasing the number of
points, then the initial choice of number of points was too small.

Finally, check causality using the VNA’s TDR function. This is done by looking at
the polar polar and or the unwrapped phase and making sure it is decreasing from zero
when measuring a reciprocal device such as the calibration grade through as was used
before or the calibration unknown through. Figure 5 shows a causal and non-causal
response for a coaxial thru. Note that the causal response shows an decreasing phase
while the non-causal response shows an increasing phase.
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Figure 5: S11 Unwrapped phase showing causal (left) and non-causal (right) response.

9. Have a reference DUT to confirm your measurement setup

After a valid measurement setup has been established, a verification is performed to
verify a known device can be measured correctly and the accuracy can be quantified.
One option is to use NIST traceable verification Kits (e.g. [8]) which allows the user
to compare the results of his measurement setup with the NIST traceable results that
are included on the kit. These Kits are usually fully coaxial with air dielectrics. Be
aware that the standards used to calibrate the instrument cannot be used for
verification of the measurement setup. With the exception of using a NIST traceable
through as the unknown through in the calibration.

There are also verification Kits that are not officially NIST traceable but are PCB
based which and closer to the DUT application to measure PCB structures. These
PCB based verification Kits are offered by a number of manufacturers in a variety of
geometries (e.g. [9,10]). These PCB based verification kits include measured data for
the kit and enable the user to validate the measurement setup. However, these Kits
cannot quantifying errors as with a NIST traceable verification kit. A reference
device can also be used as long as it has been measured prior and the measurement
has been verified. For example, a microstrip test coupon with optimized edge
mounted connectors with known good performance across the entire VNA
measurement range as shown in Figure 6 can be used in lieu of a verification kit. If
this verify through is also used as the unknown through in the UOSM calibration, then
it has the added advantage of minimizing cable movement for the calibration
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verification step. Regardless of how it is performed, this reference measurement is
important because it helps to gain confidence on the VNA measurement setup.

, 1xW - 3cm 3xW - 2cm
e 6 DIELECTRIC
240um (9.5mi [ ) TRACE WIDTH
8 Fl VE SINGLE PLY
COPPER PROFILE
NG

Figure 6: Example of a reference PCB test coupon designed for checking the VNA measurement
setup.

10. Terminate coupled ports

S-parameters are defined assuming all coupled ports are terminated in the reference
impedance (50 ohms) [11]. In practice, test fixtures might include as many as 12 to
48 coaxial test points. This is particularly true when testing a high-density connector
or cable assembly. Coaxial test points that are not connected to the VNA should be
terminated with a 50 Ohm load. Connectors left unterminated commonly exhibit
artificial resonances in their measured S-parameters.

Guidelines for Measured Data Checking

After measuring the S-parameters and before using them for simulations or fixture
de-embedding, the quality of the S-parameters should be checked. S-parameter quality
verification should be done based on passivity, reciprocity and causality. Similarly,
quality verification should be done with any S-parameter files obtained from post-
processing including S-parameter de-embedding. The S-parameter quality checking
algorithm is described in detail in [2,12]. The S-parameter quality estimation is
calculated in time and frequency domains. The time-domain estimation has the
following physical meaning: quality estimation is a maximum difference that can be
obtained between channel responses of the original and the closest
passive/causal/reciprocal S-parameters if an ergodic sequence is used as an input
signal. Passivity/reciprocity estimation in frequency domain is calculated in
percentage and represents the portion of data that violates passivity/reciprocity
properties. Causality estimation in frequency domain uses an heuristic observation
that causal transfer functions should rotate anticlockwise and causality estimation
represents the portion of data that violates this rotation property. Causality estimation
in frequency domain does not have physical meaning and is based on observation,
sometimes this estimation differs from time domain causality estimation. P370
standard defines that frequency domain causality is informative and is not mandatory

[1].

If the causality, passivity, or reciprocity violation is significant for the measured
data, the calibration of the measurement setup needs to be checked.

12



There are several commercial tools that provide the checking of the passivity,
reciprocity and causality of an S-parameter data set. The IEEE P370 technical
committee has also supported the development of a non-commercial tool that checks
for the causality and passivity of S-parameter data sets using the requirements and
algorithms defined on the P370 standard [1].

Generic Guidelines for De-Embedding

To achieve accurate test fixture de-embedding, there are several important
guidelines engineers should follow in preparing their data. These guidelines are
independent of the specific de-embedding tool being used. These guidelines assume
that a 2x-thru based de-embedding approach is used [13].

1. The 2x-thru return loss should be less than its insertion loss.

Accurate de-embedding can generally be guaranteed up to the frequency where 2x-
thru return loss and insertion loss cross each other. After all, it is not possible to
extract DUT S-parameters in the extreme case where the 2x-thru or fixture has total
reflection (i.e., DUT is hidden behind a complete short or open). This is exemplified
in Figure 7 where the insertion and return loss of a 2x-thru measurement is shown. At
around 41 GHz the return loss is higher than the insertion loss.

Insertion Loss vs Return Loss
A 4

S21

-20
1 S11
=30

Loss, dB

-40

d (8_(17,18))=-212.526
dB(S(17.17))=-11.914)

-50

B .
0 5 10 15 20 25 30 35 40
freq, GHz

Figure 7: Example of an insertion and return loss plot of a 2x-thru measurement to check the
points where the return loss is larger than the insertion loss.

The requirement that the 2x-thru return loss is less than insertion loss applies to all
single-ended, differential-mode and common-mode S-parameters. A good design
practice is to avoid tightly coupled microstrip traces for the 2x-thru design so that
single-ended insertion and return losses do not cross each other within the frequency
range of interest.

2. S-parameters should have enough frequency points

A wide bandwidth S-parameter measurement must be available for both the 2x-thru
(or 1x-reflect) and the fixture plus DUT. Nyquist theory requires that the insertion
loss should have at least 2 points per wavelength (per 360 degree phase angle) for
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conversion to the time domain. However, experience has shown 8 points can improve
the interpolation of the IFFT/FFT when converting S-parameters into TDR/TDT and
vice versa with measured data.

3. Avoid resonance in 2x thru or fixture

Resonances in the 2x-thru or fixture, which appear as glitches or spikes in the S-
parameters, should be root caused and removed if possible before de-embedding.
Resonances can be very dependent on the distance between the defined ports of the
S-parameters and any movement in port locations between the 2x-thru and Fixture +
DUT will cause errors in the de-embedding. Figure 8 shows how resonances from
2x-thru and fixture, if not perfectly aligned, will propagate to the de-embedded
DUT.
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Figure 8: Resonance from 2x-thru or fixture remains after de-embedding.

4. TDR of 2x-thru or Fixture + DUT should not exhibit non-causal or non-
convergent behavior

Non-causal and/or non-convergent TDR waveform (Figure 9) is an indication of
questionable S-parameter data. This slope before time zero and excessive slope after
time zero is likely due to poor low frequency behavior or measurement quality. Such
data can often be fixed before de-embedding by adding a DC measurement point or
eliminating the noisy low frequency data points and extrapolating down from a higher
frequency.
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Figure 9: Non-causal and/or non-convergent TDR.
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5. The 2x-thru should not be either too short or too long

De-embedding accuracy will degrade if the 2x-thru is more than 10x the electrical
size of DUT. In order to have enough resolution after converting S-parameters into
TDR by IFFT, the 2x-thru should have at least 5 wavelengths, for example, at the
highest frequency.

6. The 2x-thru and fixture should have good impedance control

For 2x thru de-embedding, the impedance variation between 2x-thru and fixture
should in general be kept smaller than 5% or even 3%, depending on the electrical
size ratio of fixture and DUT. For impedance corrected de-embedding, the impedance
variation can often be relaxed to 10% or more. Even with impedance corrected de-
embedding, excessive impedance variation (e.g., more than 20%) should still be
avoided because it can affect the attenuation and propagation delay [1]

7. The 2x-thru and the Fixture-DUT-Fixture, should be de-skewed before de-
embedding if necessary

More de-embedding error can occur if the 2x-thru and fixture have opposite skew
relative to a nominal propagation delay [14]. If DUT (such as PCB trace) is desired to
be skew free, S-parameters of both 2x-thru and Fixture-DUT-Fixture can have the
electrical delay de-skewed first before de-embedding. If the DUT is an electrical
component (such as a connector) and its skew is to be characterized, de-skewing the
2x-thru S-parameter data can help make such skew characterization more predictable.
For mixed-mode de-embedding, ensure that the SCD21 of the 2x-thru is below -20
dB.

De-embedding verification

The real DUT data is usually not available for comparison with de-embedded
results. We would not need to do de-embedding if we could measure the DUT directly
using traceable coaxial calibration grade standards. So, it is necessary to infer de-
embedding accuracy through indirect means:
1. Self de-embedding of the 2x-thru measurement.

The self de-embedding results for the 2x-thru are obtained by de-embedding the
calculated Fixture S-parameters from the 2x-thru measurement. In this case the DUT
is 0 length making the Fixture-DUT-Fixture equal to the 2x-thru S-parameters. The
de-embedded 0 length DUT results should be a no loss straight thru (i.e., S12=S21=1
and S11=522=0). Any deviation from these results means there is an issue with either
the 2x-thru (not good enough for the frequency band one wants to de-embed) or with
the de-embedding algorithm. Figure 10 shows an example of a 2x-thru de-embedding
where after 50 GHz there starts to be some deviation from the ideal expected results
and after 55 GHz the self-embedding shows major problems.
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Figure 10: Example of the results from the self de-embedding of the 2x-thru.

2. Cascading the de-embedded DUT S-parameter and de-embedded fixture S-
parameters should give back the original Fixture + DUT S-parameter.

In this test, we reconstruct the measured Fixture-DUT-Fixture S-parameters by
concatenating the files obtained from the S-parameter de-embedding process, i.e. the
de-embedded DUT S-parameters and the de-embedded test fixture S-parameters as
shown in Figure 11.

\[Focrore [[_out_H{rirure]:

DE-EMBEDDING ALGORITHM
———————————————— DE-EMBEDDED DUT
MEASURED 2X-THRU
1| FIXTURE H FIXTURE |, DE-EMBEDDED FIXTURE
{ BT, [ | '

Y DE-EMBEDDING VERIFICATION

| DE-EMBEDDED FIXTURE HDE-EMBEDDED DUT H DE-EMBEDDED FIXTURE | = il_FI_X;U_RE_l:l - ;U_T_ T—l_FI_XT_U_RE_li

Figure 11: Cascading the de-embedding results to verify the accuracy of the de-embedding
process.

3. TDR of the de-embedded Fixture and Fixture + DUT S-parameter should
track each other in all single-ended, differential- and common-mode
impedance.

Figure 12 shows an example where a mezzanine connector (DUT) is mounted
between two printed circuit boards and all single-ended, differential- and common-
mode TDRs of de-embedded Fixture and Fixture-DUT-Fixture S-parameters match
each other up to the reference plane in front of DUT (defined by the electrical delay of
the fixture). The extracted DUT results would not be correct if the de-embedding
files differed from the fixture to be de-embedded.
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Figure 12: TDRs of de-embedded Fixture and Fixture + DUT files should track each other.

4. TDR of de-embedded S-parameter should give discernible features as TDR of
DUT with fixture.

Following the previous example, Figure 13 shows that all single-ended, differential-
and common-mode TDRs of extracted DUT resemble those of DUT in the presence
of fixture (i.e., their peaks and valleys track each other). In addition, there is no
spurious response in time before the de-embedded DUT. Only then can one have
more confidence in the de-embedded results.

Single-ended Differential

- A | T
Es4 | 5 105
= —
=52 H 4 S 100
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48 —Fixture+DUT I —Fixture+DUT
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---De-embedded DUT
-1 0 1 2 3 4

Time (ns)
(©)
Figure 13: TDR of de-embedded DUT file give discernible features as TDR of Fixture + DUT
(Note that the DUT TDR is delayed by the length of the Fixture for comparison purposes).
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Measurement Round Robin Results

Two measurement Kits, as described in the previous section, were assembled: one
with 1.85mm edge mounted connectors (60 GHz maximum target frequency range)
and the other with 2.92mm connectors (40 GHz maximum target frequency range).
The only common item between the teams was the PCB kit. All the other
measurement items i.e. the VNA instrument, the choice of its measurement
parameters, calibration kit, measurement cables were dependent on each team’s
measurement setup. As described in Appendix A, 20 measurements were performed
on each kit plus eight S-parameter de-embedding computations. Although the
temperature and humidity at each measurement location is unknown, none of the
measurements were performed in a location with a high humidity or extreme
temperature.

In this section, we will only present a limited set of the results, and will concentrate
on two measurements from the seven data sets that were taken with the 1.85 mm
coaxial connector PCB kit. Figure 14 shows all the measured insertion and return loss
from the round robin for a 2x-thru that is composed of two 6 cm microstrip test
coupons. Figure 15 shows the same data for the case of the Beatty DUT test coupon.

$21 "2x-Thru 6¢cm Microstrip”

S . T T

Magnitude (dB)
3
i
]
f

Frequency (Hz) x10'0

$11 "2x-Thru 6cm Microstrip"
|

Figure 14: Measured insertion loss results from the different teams for the 2x-thru composed of
two 6 cm microstrip 1.85mm Kit test coupons.

It is possible to see in the data some variation between setups, but to properly
understand the similarity between S-parameters we also need to take the phase into
consideration and not only the magnitude [15,16]. Before computing the maximum
vector error between the different S-parameters on the measurement set, we need to
resample the data because each measurement team used different VNA measurement
setups in terms of number of measurement points and starting frequency. All
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measured S-parameters were resampled to a set of 6000 points starting at 10 MHz and

ending at 60 GHz.
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Figure 15: Measured insertion loss results from the different teams for the Beatty PCB DUT
1.85mm kit test coupon.

Figure 16 shows the computed error vector between the measured insertion and

return loss for the 2x-thru composed of two 6 cm microstrip test coupons. The results
are shown in a logarithmic format where -10 dB corresponds to a 10% error. The plot
shows a significant large error for the S21 which might seem surprising based on the

results shown in Figure 14.
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Figure 16: Computed maximum error vector amplitude between the different measured data
sets.
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The reason is that two of the measured data sets have a significant phase error, one
of them being very large. Figure 17 shows a comparison of the S21 phase for all the
data sets. One is a clear outlier. This shows how critical it is to use an error measure

that includes phase.

=10% 521 "2x-Thru 6cm Microstrip™
|

Angle (degrees)

1 1 1
0 1 2 3 4 5 6
Frequency (Hz) #10"

Figure 17: Results for the angle (phase) from the measured insertion loss results.

If we remove those data sets from the mix, we obtain the maximum error vector
magnitude shown in Figure 18. In this case the error is below 10% across the entire
frequency range.

s21 i Error Vector i (2x-thru)

dB

Error 821,

s \ \ \
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Freq, GHz

s1 Error Vector i (2x-thru)

Error S11, dB

45 | | |

o 10 20 30 40 50
Freq, GHz

Figure 18: Computed maximum error vector amplitude between the different measured data sets

(the two phase outlier data sets are removed).

Figure 19 shows the maximum error vector results for the Beatty DUT test coupon
without the two data sets with the phase error.
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Figure 19: Computed maximum error vector amplitude for the Beatty PCB DUT test coupon
between the different measured data sets (the two phase outlier data sets are removed).

The results show that for the set of measurements we analyzed the worst case error
is below -10 dB which means less than 10%.

Another important metric as discussed in the previous Generic Guidelines for De-
Embedding section is to check the measured data sets regarding passivity, reciprocity
and causality. Causality needs to be checked in the time domain and because of that
we checked it at 10 Gbps and 40 Gbps. Table 1 and Table 2 show the results for the
2x-thru test coupon. Table 3 and Table 4 show the results for the Beatty DUT test
coupon.

The results show a good similarity between the data sets except for two data sets
which shows strong causality issues. Figure 20 compares the pulse response between
one data set with bad causality results and another with good results.

60

Data | Max

Data | Rate | Freq | Passivity | Reciprocity | Causality | Passivity | Reciprocity | Causality
Set | Gbps | GHz | mV mV mV % % %

S1 10 65 1 6 3 100 97 74
S2 10 60 0 1 1 100 99 78
S3 10 60 0 1 1 100 99 63
sS4 10 60 1 5 3 99 96 10
S5 10 67 0 1 1 100 98 95
S6 10 60 0 9 14 100 67 99
S7 10 60 0 3 4 100 98 9

Table 1: S-Parameters quality estimation assuming a 10 Gbps signal for the measured data sets
of the 2x-thru composed from two 6 cm microstrip test coupons.
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S1 40 65 0 7 5 100 97 74
S2 40 60 0 1 3 100 99 78
S3 40 60 0 1 2 100 99 63
S4 40 60 1 6 6 99 96 10
S5 40 67 0 1 2 100 98 95
S6 40 60 0 29 53 100 67 99
S7 40 60 0 2 4 100 98 9

Table 2: S-Parameters quality estimation assuming a 40 Gbps signal for the measured data sets
of the 2x-thru composed from two 6 cm microstrip test coupons.

S1 10 65 1 5 2 100 99 98
S2 10 60 0 1 1 100 99 99
S3 10 60 0 1 1 100 99 96
S4 10 60 2 4 3 99 97 47
S5 10 67 0 1 1 100 99 100
S6 10 60 0 9 164 100 82 100
S7 10 60 0 3 4 100 97 53
Table 3: S-Parameters quality estimation assuming a 10 Gbps signal for the measured data sets

of the Beatty DUT test coupon.

S1 40 65 0 4 4 100 99 98
S2 40 60 0 1 3 100 99 99
S3 40 60 0 1 2 100 99 96
S4 40 60 1 4 5 99 97 47
S5 40 67 0 1 2 100 99 100
S6 40 60 0 21 56 100 82 100
S7 40 60 0 2 4 100 97 53

Table 4: S-Parameters quality estimation assuming a 40 Gbps signal for the measured data sets

of the Beatty DUT test coupon.
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Figure 20: Pulse responses for S11 of the data sets 4 and 6 for the 2x-thru composed of two 6 cm
microstrip test coupons.

As it is seen from Table 1 — Table 4, causality estimation in mV and in % for some
of the data sets are different. Causality estimation in % is performed in frequency
domain and counts number of phase rotation violations for each frequency sample and
does not consider importance of each violation in the transmitted (or reflected) signal.
Sometimes this is critical, especially for S11, when the magnitude is very small and
noise can change phase rotation direction. Causality estimation in mV is performed in
time domain and directly measures non-causal energy in the transmitted (and
reflected) signal. P370 standard considers time domain causality estimation (mV) as
a mandatory metric and frequency domain checking (%) as an informative metric.

The round robin exercise consisted of two independent steps. The first was
measuring the PCB kit structures as described in Appendix A. The second was to
perform the fixture de-embedding which is also described in Appendix A. Like on the
first step for the fixture de-embedding step, the teams were free to choose the de-
embedding tool and the corresponding setup parameters. In some cases, some teams
only did the de-embedding step using measured data measured by another team.

It is important to note that apart from different de-embedding tools being used, each
team also selected the tool parameters as they saw best. This could result in different
s-parameter files being generated by the same measured data set and de-embedding
tool.

For this paper we present only the de-embedding results obtained for the measured
data set S2. This means that all variations observed will be due to the used de-
embedding tools and the corresponding chosen setup parameters. Four different data
sets are analyzed representing 4 different tools. Figure 21 shows the de-embedded
insertion and return loss for the Beatty standard DUT (De-embedding item 2 in the
Appendix A De-Embedding Computation measurement script).
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Figure 21: De-embedded insertion and return loss results for the Beatty PCB DUT test coupon
obtained from one measurement set using different s-parameter de-embedding tools.

Figure 22 shows the maximum error vector amplitude between the different tools. It
is possible to see that the matching on the insertion loss is very good all the way to 60
GHz while on the return loss it starts degrading after 50 GHz.
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Figure 22: Computed maximum error vector amplitude between all the de-embedded data sets of
the Beatty PCB DUT test coupon.

The results show that for the de-embedded insertion loss there is less than 1%
difference between the different measurement sets while for the return loss we only
get a 1% difference between the different data sets till 40 GHz. This shows the
maturity of 2x-thru based de-embedding implementation in commercial tools since we
see that the data sets correlate. When analyzing the results, it is also important to
understand how good is our 2x-thru de-embedding reference. Figure 23 shows the
measured insertion and return loss for the used 2x-thru in the de-embedding process.
For best performance, it is advisable to have 5 dB separation between the insertion
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and return loss. If the 2x-thru return loss is higher than the insertion loss, then the
expectation is that the de-embedding algorithm will not be able to do a proper de-
embedding. This means that some of the variation seen above 40 GHz is also because
the used 2x-thru has limitations above those frequencies.
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Figure 23: Comparison of the insertion and return loss of the 2x-thru s-parameter used for the
de-embedding data sets.

Finally like we did for the measured data, it is also important to check the passivity,
reciprocity and causality of the de-embedded data sets. This is shown in Table 5 and
Table 6. The presented data sets used on this paper are available in [16].

Data | Max
Data | Rate | Freq | Passivity | Reciprocity | Causality | Passivity | Reciprocity | Causality
Set | Gbps | GHz | mV mV mV % % %
D1 10 60 0 2 8 100 98 52
D2 10 60 0 0 7 100 100 57
D3 10 60 0 2 1 100 98 60
D4 10 60 3 2 2 99 98 47

Table 5: De-embedded S-parameters quality estimation assuming a 10 Gbps signal for the
measured data sets of the de-embedded Beatty standard DUT.

Data | Max
Data | Rate | Freq | Passivity | Reciprocity | Causality | Passivity | Reciprocity | Causality
Set | Gbps | GHz | mV mV mV % % %
D1 40 60 0 1 20 100 98 52
D2 40 60 0 0 20 100 100 57
D3 40 60 0 1 1 100 98 60
D4 40 60 1 2 3 99 98 47

Table 6: De-embedded S-parameters quality estimation assuming a 40 Gbps signal for the
measured data sets of the de-embedded Beatty standard DUT.
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Conclusions

This paper has presented an evaluation of S-parameter measurement and de-
embedding across multiple teams, measurements setups and de-embedding tools. We
have presented several practical guidelines on S-parameter measurement with a VNA
and de-embedding based on the working experience of the authors.

The presented results have clearly shown that although two measurements might
look very similar when you compare the measured insertion and return loss
magnitudes, they can in fact be very different in their S-parameter quality. This
demonstrates the need to check both the measured and de-embedded S-parameter data
for causality, passivity, and reciprocity. This is one of the objectives of the IEEE P370
standard that is currently under development. The results for the 2x-Thru fixture
removal algorithms using the same set of measured S-parameters was less than 1%
difference. This shows the maturity of the 2x-Thru fixture removal technology across
multiple vendors.
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Appendix A: Plug and Play Kit Measurement
and De-Embedding Protocol for the Round
Robin

The measurement kit shown in Figure 1 requires a properly calibrated VNA with
male connectors at the end of the VNA measurement cable. The kit also includes the
required male/female and male/male adapters.

The plug and play kit is composed of 2 DUTs and 3 types of test fixtures. The total
number of test coupon PCBs is 8. Each PCB test coupon has 2 connectors with
numbering JxxxA and JxxxB. Connector A should always be connected to VNA Port
1 and connector B to Port 2 even when test coupon PCBs are connected in series.

Devices Under Test
e 6 cm microstrip (labeled exp. 4.1.1).
e 6 cm Beatty standard composed (labeled exp. 4.3.9).
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Text Fixtures (side A and side B)
e 6 cm microstrip (labeled exp. 3.1.1 for Side A and exp.3.1.2 for side B)
e 6 cm microstrip with 2 vias in series (labeled exp 3.2.7 for side A and 3.2.8 for
side B).
e 6 cm microstrip with a 10% impedance variation (labeled exp. 3.2.1 for side A
and 3.2.2 for side B.

The Plug and Play PCB structures are not mechanically rigid, so it is recommended
that the final torque be done with 2 wrenches to minimize torsional bending of the
PCBs as shown in Figure 24

Figure 24: Example of using 2 wrenches to minimize twisting while torqueing the connectors into
place.

Set of Measurements

The following measurements are required from each participant on the measurement
round robin. M/F or F/M denotes the male to female adapter and M/M denotes the
male to male adapter.

DUT Measurements

1. F/IM +Exp 4.1.1+ M/F
2. FIM+Exp4.3.9+ M/F

EXPf: 4.11

411 SE Z50 Thru
6cm TRACE LENGTH

Figure 25 Experiment 4.1.1 Single Ended 6 cm 50 ohm DUT with F/M and M/F adapters on each
end.
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Test Fixture Measurements

Exp. 3.1.1 + M/F (side A)
F/M + Exp. 3.1.2 (side B)
Exp. 3.2.7 + M/F (side A)
F/M + Exp. 3.2.8 (side B)
Exp. 3.2.1 + M/F (side A)
F/M + Exp. 3.2.2 (side B)

N O~

EXP§: 3.11

311 SE 250
6cm TRACE LENGTH

Figure 26 Example of Fixture A on the left and Fixture B on the right. Fixture A with M/F
adapter on the Port 2 right side and Fixture B with the F/M adapter on the Port 1 left side.

2x-Thru Measurements

9. Exp.3.1.1+ M/F+ M/M + Exp. 3.1.2 (50 Ohm)
10. Exp. 3.2.7 + M/F + M/M + Exp. 3.2.8 (2 vias in series)
11. Exp. 3.2.1 + M/F + M/M + Exp. 3.2.2 (45 Ohm 2xthru)

Figure 27 Example of connecting fixture A to fixture B by swapping one of the M/F adapters for
an equivalent M/M adapter using calibration grade adapters that are designed for adapter
swapping.

Open/Short Measurements

Open/short measurement are only done for the microstrip test fixture for comparison
between open/short based de-embedding with a 2x-thru based de-embedding. Only
S11 is measured with nothing connected on the other port for an open measurement
and a zero length (flush) short for the short measurement which is included in the Kit.

12. Exp. 3.1.1 + M/F + (open, nothing connected)
13. Exp. 3.1.1 + M/F + (zero-length short)
14. Exp. 3.1.2 + M/F + (open, nothing connected)
15. Exp. 3.1.2 + M/F + (zero-length short)

EXP§: 3.1

31 SE 750
6cm TRACE LENGTH
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EXP#: 3.1

311 SE 750
6cm TRACE LENGTH

Figure 28 Example of a measurement of SHORT with a flush short attached and OPEN with no
connection.

DUT + Test Fixture Measurements

16. Exp. 3.1.1 + M/M+ F/IM + Exp. 4.1.1 + M/F + M/M + Exp. 3.1.2
17. Exp. 3.2.7 + M/M + FIM + Exp. 4.1.1 + M/F + M/M + Exp. 3.2.8
18. Exp. 3.1.1 + M/M + F/M + Exp. 4.3.9 + M/F + M/M + Exp. 3.1.2
19. Exp. 3.2.7 + M/M + F/IM + Exp. 4.3.9 + M/F + M/M + Exp. 3.2.8
20.

Figure 29 Example of 2.92mm Fixture A and Fixture B connected to the 4.3.9 series resonant
DUT structure.

De-Embedding Computations

The following de-embedding computations should be performed for each set of
measured data.

Nogk~owhE

6 cm microstrip using 50 Ohm test fixture and 50 Ohm 2xthru

Beatty Standard using 50 Ohm test fixture and 50 Ohm 2xthru

6 cm microstrip using 2 vias in series test fixture and 2 vias in series 2xthru
Beatty Standard using 2 vias in series test fixture and 2 vias in series 2xthru

6 cm microstrip using 50 Ohm test fixture and 45 Ohm 2xthru

Beatty Standard using 50 Ohm test fixture and 45 Ohm 2xthru

6 cm microstrip using 50 Ohm test fixture and open/short 50 Ohm test fixture
measurement

Beatty Standard using 50 Ohm test fixture and open/short 50 Ohm test fixture
measurement
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