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arge-signal network analyzers

(LSNAs) provide direct mea-

surements of the nonlinear be-

havior of active devices under

realistic operating conditions.

Large-signal measurements facilitate the

extraction of more accurate transistor

and power amplifier models. This is a

key factor in the development of bet-

ter communications systems by use of
modern modulation schemes [1].

However, the calibration of LSNAs

is very challenging. In addition to a

conventional linear scattering-param-

eter calibration, the calibration of an

LSNA requires two extra standards: a

phase reference (e.g., a comb generator) and

a power meter [1].

Establishing Traceability for Calibration

The traceability (i.e,, an unbroken chain of measure-
ments and associated uncertainties to a primary
reference [2]) for the linear scattering-parameter
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In addition to a conventional linear
scattering-parameter calibration, the
calibration of an LSNA requires two
extra standards: a phase reference (e.g.,
a comb generator) and a power meter.
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part of the calibration is achieved with traceable
mechanical measurements. However, establishing
traceability for the phase references used to calibrate
LSNAs to basic physical quantities requires precision
waveform measurements [3], [4]. In addition, the non-
linear elements are prone to temperature changes and
aging, as they are based on the active components [5],
[9]. Moreover, comparing large-signal measurements
is not straightforward, as each LSNA presents differ-
ent impedances to nonlinear test artifacts at the funda-
mental and harmonics.

Several attempts have been undertaken to develop a
special reference device that will provide well character-
ized and stable nonlinear response [6]-[8]. However, it is
difficult to infer how accurately an LSNA will perform
measurements from the measurement of a single nonlin-
ear reference device, even if the single reference device
has been perfectly characterized and its response does
not depend on the impedances that the LSNA presents to
it. Identifying the source of errors of the user’s calibration,
should measurements not agree, is also difficult.

An alternative “calibration-comparison” approach
was proposed in [10]. Instead of using a single non-
linear reference device to characterize an LSNA, a
complete and traceable calibration kit (consisting of
additional scattering-parameter calibration artifacts,
phase reference, and power meter) is used to assess the
accuracy of a user’s working calibration. The proce-
dure outlined in [10] accomplishes this by comparing
the calibration coefficients that are based on the user’s
calibration approach with the calibration coefficients
that are based on the traceable calibration kit. With this
method, both the calibration algorithms used and the
definition of the calibration standards are compared
simultaneously.

The LSNA Round-Robin Student

Design Competition

Here, we report on the LSNA Round-Robin Student
Design Competition held at the IEEE International
Microwave Symposium in May of 2015. This compe-
tition was the first test of the calibration-comparison
method of [10] in a measurement round robin taking
place in three measurement laboratories. The round
robin was targeted at characterizing the overall accu-
racy of the measurements performed in each labora-
tory with the procedures and calibration artifacts
available in that laboratory. This includes assessing
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the calibration approaches employed in the labora-
tory, the care with which calibrations are performed
in the laboratory, differences in the instrumentation
used, and the accuracy of the scattering-parameter,
power, and comb generators used in the calibrations.
The round robin was also designed to diagnose, to the
greatest extent possible, the largest sources of error in
the measurements performed in that laboratory from
the calibration-comparison results.

To accomplish this, a single nonlinear calibra-
tion kit was characterized at the National Institute
of Standards and Technology (NIST) and distributed
sequentially to the three teams: one in Leuven, Bel-
gium, and Warsaw, Poland (P. Barmuta, M. Rajabi, G.P.
Gibiino, and J. Szatkowski); one in Aveiro, Portugal
(D. Ribeiro), and one in Montreal, Canada (K. Wang).
These teams competed to perform the most accurate
LSNA calibrations possible in their laboratories and
then compare those calibrations to a calibration based
on the NIST artifacts.

This article describes our joint effort to test this
approach for assessing the measurement accuracy of
LSNA calibrations. We show that having one trusted
reference calibration allows the calibration accuracy
of the user’s working calibration to be assessed and
its performance under a variety of conditions to be
inferred. We also demonstrate that the calibration-
comparison approach provides additional information
that simplifies the identification of sources of error in
the user’s working calibration.

LSNA Verification Approach

As previously stated, the main objective of the competi-
tion was to calibrate a LSNA as accurately as possible (each
team was required to use their own calibration standards
for this first calibration) and prove that the calibration
was accurate by accurately measuring the NIST calibra-
tion kit. The NIST calibration kit included a comb gen-
erator (Keysight Technologies U9391G) with a 1.85-mm
male connector, a two-port electronic calibration unit
(Keysight Technologies N4694A) with 1.85-mm male and
female connectors, and a traceable power sensor (Rohde
and Schwarz NRP-Z57) with a 1.85-mm male connector.
The comb generator and electronic calibration unit were
precharacterized at NIST, which provided a reference for
consistent comparison of the calibrations.

The competitors’ calibrations were compared to the
NIST calibration according to the procedure described
in [10]. The calibrated waves are calculated from the raw
measurements by use of the cascade error boxes X and
Y. The corresponding schematic is shown in Figure 1.
The X and Y error boxes account for the imperfections
of the measurement setup and are used to calculate the
absolute power and phase of the wave parameters a
and b.

For each analyzer port k, we can define approxi-
mate bounds A on the Euclidean norm of differences
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in the forward and backward wave parameters ar and
br measured with the user’s working calibration (cal
user) and the traceable calibration (cal NIST) based on
the NIST artifacts with

H [al,cal user al,calNIST]
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where ax and bi are the incident and scattered waves
at the analyzer’s port k. Since the exact values of the
wave quantities are unknown, it is more convenient
to use the approximate bounds of Ak, which can be
calculated by comparing the error boxes X and Y. The
bounds correspond to the upper limit of the sum of
the square errors for a given reference calibration at a
single frequency point.

The figure of merit (FoM) used in the competition
to determine the competition’s winner was

1 J A1+ Ar
FOM = = " &0 22 (©)
Nngl f"

where the approximate error bounds are summed
and normalized over all the N frequencies f. The fre-
quency term in the denominator was deliberately
added to the FoM to encourage contestants to test the
procedure to the highest frequency possible in their
laboratory. The frequency step was arbitrarily set to
200 MHz. In the ideal case of two equal calibrations,
the FoM will be equal to zero. Any deviation from
the NIST measurements will result in an increase of
the FoM. The competitor with the lowest FoM was
declared the winner.

Calibration Procedure

In order to complete the calibration-comparison pro-
cess, a first-tier user’s working calibration (cal user) had
to be performed by the contestant. An example mea-
surement system, set up by the Leuven/Warsaw team,
is shown in Figure 2. Its schematic, including the order
of calibration and measurement steps, is depicted in
Figure 3. The heart of the system was the LSNA PNA-X
network analyzer from Keysight Technologies, which
was required in order to control the states of the elec-
tronic calibration unit. The Leuven/Warsaw and Mon-
treal teams used 67-GHz N5247A PNA-Xs, while the
Aveiro team used a 50-GHz N5245A PNA-X.
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The teams competed to perform the
most accurate LSNA calibrations
possible in their laboratory and then
compare those calibrations to a
calibration based on the NIST artifacts.
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- i —> —
b1,raw b1,cal b2,cal b2,raw

Figure 1. The measurement model for the LSNA with no
coupling between ports. Error boxes X and Y are determined
in the calibration-comparison procedure. Calibration planes
are marked with dashed lines.

Figure 2. A photo of the measurement system setup used
by the Leuven/Warsaw team.

While setting up the system, various precautions
were taken by competing teams to ensure accuracy. The
Leuven/Warsaw team performed the following steps.
In order to minimize temperature drift, all instruments,
including the calibration standards, were turned on
one day before the actual measurements. Moreover, the
room temperature was stabilized to +20 °C. In order to
ensure good electrical contact and repeatability of the
contacts, all the connectors were cleaned with sharp-
ened toothpicks before making contact. The connectors
were tightened to the appropriate torque.

Much attention was paid to the placement of the
cables in order to avoid creating tension in the cables.
This was achieved by stacking piles of paper under the
connected devices until the levels of the correspond-
ing connectors were equal.
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This work sets the stage for the
expanded use of the calibration-
comparison approach as a tool
for verifying the accuracy of large-
signal vector-network-analyzer
measurements.
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Phase-stable cables were employed to minimize the
phase offset introduced by cable movements. To further
diminish the phase shifts, each cable was supported on
sponges, and was attached to the table with adhesive
tape. During all measurements, the cable attached to
port one was kept fixed; only the cable at port two was
moved. Minimizing the number of cable movements
determined the order of measurements. Intermediate
frequency bandwidth during all measurements was
set to 5 Hz to reduce the network analyzer noise floor
because the output power of the highest harmonic from
the comb generator can go as low as =70 dBm.

The team first performed a calibration with one-
port standards. Since the comb generator of the setup
in Leuven has a female connector, a previously char-
acterized adapter was attached to it permanently.
The S-parameters of the adapter were included in the
calibration. As the comb generator had to generate an
extremely rich spectrum with spectral components
every 200 MHz up to 67 GHz, ten averages were used
for the calibration in Leuven. Next, the absolute power
calibration step was performed with the default signal
power at =5 dBm, which is a compromise between the
receiver linearity and the uncertainty of the measure-
ments performed with the power sensor.
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The Aveiro team also had problems with connec-
tor types. Since they were using a 50-GHz system,
all of the Aveiro calibration standards had 2.4-mm
connectors. Even though 1.85-mm and 2.4-mm con-
nectors can mate with each other, the change in con-
nector sizes creates a sizable discontinuity at the
interface. The Aveiro team attempted to remove the
impact of this transition by using an adapter-removal
calibration and measurement scheme. However, no
noticeable improvement was achieved when com-
paring the direct results with the results employing
the transition removal. A better approach may be
obtained by developing a model of the 2.4-1.85 mm
transition with an electromagnetic simulator. Never-
theless, the repeatability of the connection may still
strongly impact the transition response and prevent
improved results.

After calibration with one-port standards, the two-
port linear part of the calibration was performed. As
the PNA-X receivers show best linearity for power
levels below —20 dBm at the receiver plane, the power
for all linear measurements was set to —10 dBm at the
source plane. Several types of calibrations (electronic-
calibration-unit/mechanical, unknown/flush-thru)
were compared by the Leuven/Warsaw team, and they
obtained the best results with a SOLT (i.e., short, open,
load, and thru) calibration using a Leuven electronic
calibration unit and flush-thru. The calibration began
with a flush-thru connection, which allowed the Leu-
ven/Warsaw team to minimize total cable movement.
Afterward, the electronic calibration unit was con-
nected. Because this requires substantial cable move-
ment, the cables were allowed to relax and release
tension for one full minute before the measurements
of the electronic calibration unit were performed.
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Figure 3. (a) The order of the calibration and measurement steps and (b) the schematic of the measurement setup.
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Measurement Procedure

After calibration of the LSNA, measurements of the
round-robin calibration kit were performed, using
the setup shown in Figure 3. First, the NIST electronic
calibration unit was characterized. Because its width
is very similar to the electronic calibration unit in
user’s calibration kit, only a minimal movement of the
cable attached to port two was required. Wave quanti-
ties were captured for all the states and saved in the
w2p file created by NIST PNA Grabber [11]. The states
of the round-robin electronic calibration unit were
changed through an interface included in the NIST
PNA Grabber.

Then, one-port devices from the round-robin kit
were measured, which allowed release of the cable
attached to the second port. First, NIST’s comb genera-
tor was characterized with the same settings as during
the calibration. During measurements of the comb sig-
nal, the internal generators of the PNA-X were turned
off; thus, the phase normalization was also turned off.
The reflection coefficient of the comb generator was
measured with the clock signal disconnected from the
input of the generator, which was terminated with a
broadband matched load.

The measurements of the power sensor supplied
by NIST were the most cumbersome for all of the
groups, as the power had to be captured separately
at each frequency. This required proper triggering of
the power meter during the sweep. The Aveiro team
prepared a LabVIEW procedure, in which the mea-
surements were triggered with an external power
supply acting as a trigger source. The time between
setting the frequency on the PNA-X and power read-
out was set to 1 s. The Leuven/Warsaw and Montreal
teams used the external instrument control capabil-
ity available in the PNA-X. While employing such
control methods, contestants needed to assure that
the correction coefficients stored in the power sensor
were applied to the measurement results.

Another problem occurred with instrument power
settling. Even though users can enable power mea-
surements only after the power level settles, the power
changes turned out to be too abrupt when the internal
generators of the PNA-X were switched between cer-
tain frequency points. Therefore, automated level con-
trol had to be turned on in order to avoid erroneous
power readings. Throughout the experiments, each
team helped the other teams to complete their mea-
surements by providing software and advice.

Results and Discussion

All the data were analyzed with the NIST Microwave
Uncertainty Framework [11], [12]. The results are
shown in Figure 4. The corresponding FoM are sim-
marized in Table 1. The results from Leuven/Warsaw
and Aveiro teams are similar, while there is some-
thing fundamentally wrong with the Montreal mea-
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The main objective of the competition
was to calibrate a LSNA as accurately

as possible.

Frequency (GHz)

Figure 4. The measurements of Ay and A, obtained by the
competing groups as a function of frequency. Solid lines:
results from the Leuven/Warsaw team (up to 67 GHz);
dashed lines: results from Aveiro team (up to 50 GHz);
dotted lines: results from Montreal team (up to 67 GHz).

surements. After investigation, it was determined
that the Montreal team had turned off their first-tier
working calibration during the measurements of the
NIST artifacts.

The frequency dependence of the Leuven/Warsaw
and the Aveiro results were quite different. For the Leu-
ven/Warsaw team, the approximate error boundaries
do not exceed 0.05 for frequencies below 40 GHz, while
they rapidly rise to as high as 0.45 above 40 GHz. At the
same time, the Aveiro results show a constant increase
of the approximate error boundaries through the whole
frequency range.

To better understand the sources of these discrepan-
cies, the phase and amplitudes of the user and NIST
calibrations were set equally, leaving only the errors
from the linear vector calibration. The corresponding
results following this adjustment are shown in Fig-
ure 5. We see that the phase and amplitude adjustments
do not significantly improve the FoM for the Aveiro
team. Thus, the main source of discrepancy lies in the
linear vector calibration. One of the possible causes of

TABLE 1. The FoM calculated from the measurement

results obtained by the three competing teams.

Leuven/
Team Warsaw Aveiro Montreal
FoM 0.007284 0.012071 0.24556
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Figure 5. The values of A and A after phase and power
adjustments to the NIST reference results for the Leuven/
Warsaw team (solid lines, up to 67 GHz) and the Aveiro
team (dashed lines, up to 50 GHz).

this may be the transition between the 2.45-mm and
1.85-mm connectors.

This procedure demonstrated that the discrepancy
obtained by the Leuven/Warsaw team was clearly
related to the phase difference of the calibrations. This
might have been caused by several phenomena. First,
the discrepancy can be due to the errors in the charac-
terization of the adapter, which was connected to the
comb generator during the first-tier calibration step.
It could also have been caused by the lower dynamic
range in the measurements at higher frequencies due
to the decrement of the comb generator’s output power
at each tone of the comb signal with increasing fre-
quency. Finally, there might have been differences in
the phase calibrations of the NIST and Leuven/War-
saw comb generators.

Based on these results and the FoM as calculated in
Table 1, the competition judges awarded the US$1,250
first-place prize to the Leuven/Warsaw team, the
US$750 second-place prize to the Aveiro team, and the
third-place prize—a Keysight EEsof ADS license—to
the Montreal team.

Conclusions

This article, as well as the competition, demonstrated
the use of the calibration-comparison approach to
assessing the accuracy of LSNA calibrations. Easy-
to-calculate approximate error bounds were used as
the FoM for calibration comparison. By adjusting dif-
ferent calibration components to the reference cali-
bration results, participants were able to identify the
sources of error in the competitors” calibrations. This
work sets the stage for the expanded use of the cali-
bration-comparison approach as a tool for verifying
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the accuracy of large-signal vector-network-analyzer
measurements.
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