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ABSTRACT

Wind-energy researchers at Sandia National
Laboratories have developed a new, light-weight,
modular data acquisition system capable of acquiring
long-term, continuous, multi-channel time-series data
tiom operating wind-turbines. New hardware features
have been added to this system to make it more flexible
and permit programming via telemetry. User-tliendly
Windows-based sotlware has been developed for
programming the hardware and acquiring, storing,
analyzing, and archiving the data. This paper briefly
reviews the major components of the system,
summarizes the recent hardware enhancements and
operating experiences, and discusses the features and
capabilities of the software programs that have been
developed.

INTRODUCTION

Personnel in the Wind Energy Technology Department
at Sandia National Laboratories, a part of the National
Wind Technology Center (NWTC), began the
development of hardware and software for a new, state-
of-the-art wind turbine data acquisition system in late
1997. The primary design goal of the new system was
that it be capable of acquiring long-term, continuous,
multi-channel time series data tlom operating wind

. turbines. We have developed the Accurate, Time-
Linked Data Acquisition System (ATLAS) hardware
and soflware to achieve this goal.
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+ Principal Member of Technical Staff, Associate
~ellow of AlAA.
● Senior Member of Technical Staff.
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A complete wind-turbine data acquisition configuration
typically contains several data acquisition subsystems
(DAS).Normally, a system configuration utilizes at
least one rotor-based DAS unit (RBU), at kst one
ground-based DAS unit (GBU) and one ground-based
computer unit (GBCU), as illustrated in Figurr 1. The
RBU is mounted on the rotor, rotating with and in close
proximity to the blade- and main shatl-mountl:d strain
gauges and other sensors. The GBUS are any and all
data acquisition units that don’t mount on the rotor—a
GBU could be mounted in the turbine nacelle, on the
turbine tower, or on the meteorological tower. All
acquisition units are located close to the sensors from
which they are acquiring data in order to minimize
contamination of the data by electrical noise picked up
by long signal wires. The ground-based control unit
(GBCU) is the heart and brains of the system. The
GBCU queries the user to determine the configuration
of each DAS (the channels to sample, the channel
gains, offsets and filters, and the rate at which data is to
be sampled); programs each DAS to perform the
acquisition; performs calibrations; retrieves and collates
the data acquired by each DAS; and displays and stores
that data to disk. The smart data acquisition system
(SDAS) retrieves that data from disk, post processes it,
and archives it.

ATLAS utilizes commercially available data
acquisition, telemet~, and global positioning system
(GPS) receiver hardware, together with a custom-built
programmable logic device subsystem (PLDS), to
acquire long-term time series data from multiple data
acquisition units. The PLDS utilizes the GPS receivers
to maintain precise time synchronization between the
various DAS units, forcing data acquisition on all units
at exactly the same time over the entire duration of a
test. An ATLAS prototype, with a mixture of
Windows- and DOS-based software, has been installed
on the Atlantic Orient Corporation 15/50 wind turbine
at the U.S. Department of Agriculture (USDA)
Agricultural Research Service (ARS) site at Bushland
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The process to calculate estimated uncertainties for a Vector Network Analyzer (VNA) requires

setting the VNA to some desired conditions that includes a frequency set, power level, averaging
factor, etc. With these conditions set, the VNA is “calibrated” using the appropriate calibration
kit for the test port connectors. After the VNA is “calibrated,” a series of measurements on an
NIST-certified air line, and some standard devices, is performed as the first step in the
uncertainty analysis. For the uncertainty analysis, each type of connector is treated separately.
This means that there is a unique set of calculated uncertainties for APC-7 mm, type N, APC-3.5

mm, etc.

In this paper, the analysis method, employing the TRL technique, used to calculate the residual
uncertainties of a microwave network analyzer applicable over the frequency range of 25 MHz to
50 GHz (depending on the capability of the VNA) is briefly described. This method utilizes
measurements on NIST-certified air lines plus additional measurements to estimate the combined
standard uncertainties for measurements using the network analyzer. The uncertainties of the
NIST standards are incorporated into the analysis by means of a Monte Carlo technique. Also
included in the analysis is the repeatability of the measurement process. The final uncertainties
assigned to a network analyzer then provide the basis for estimating the uncertainties assigned to
measured values of specific devices. Finally, the paper summarizes the typical results of this
method for characterizing network analyzer uncertainties for several connector types as obtained
in our laboratory over a several year period.

THEORY

The Thru-Reflect-Line (TRL) technique offers an attractive way to determine the parameters of
two error boxes at the test ports of a VNA. Because this technique uses an air line standard, it has
a lower frequency limit of approximately 25 to 50 MHz. Conceptually, the VNA is viewed as
shown in Figure 1. The conceptual model, illustrated in Figure 1, shows that when a device-

under-test (DUT) with a true reflection coefficient of rl is connected to Test Port 1, the VNA

will produce a reading of r!. This reading is the result of the corrupting influence of Error Box

X. In terms of the error box scattering parameters, S: (which are complex quantities), the

reflection coefficient, 171”’,is given by

(1)

The right side of Eqn. 1 displays the equation in terms of the hi-linear or linear fractional
transformation [2]. In order to determine the corrupting effects of the Error Box X, the values of
the complex parameters ax, bx, and Cxmust be determined from measurements of the scattering
parameters. The equivalent expression for Error Box Y is

(2)
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VECTOR NETWORK ANALYZER
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Figure 1. Conceptual diagram of a VNA and the error boxes at each port.

The TRL technique provides an efllcient method to obtain the required measurements while
requiring only one standard - the complex characteristic impedance, 2/, of a transmission line.
The advantage of the TRL method is that only one certified complex value is required and that
the uncertainty on this quantity is very small for an air dielectric coaxial line (air line). It
therefore follows that the residual uncertainties of the VNA may be very well characterized.

In order to obtain the error box parameters ax, bx, Cx, ay, by, and Cr, measurements of a thru line,
an air line, an uncalibrated ‘open, and an uncalibrated short are made at the test ports of the VNA.
Using the measurements, Eqns. 1 and 2 are solved for the error box terms. Next, it is necessary to
account for the fact that the true reflection coefficient is relative to impedance Z1.This is

accomplished by relating the true reflection coefficient computed from the measurements, rl , to

the true reflection coefficient in a 50 ohm system, 50rl . Eqn. 1 maybe inverted to yield

r: – bx
r, =

ax – Cxr,”’-

The true reflection coefficient relative to 21may be related to 50rl by

r = W,(50+z,J+(50-z,)
1 ‘Or,(50-z,)+(50+z,)”

Substituting Eqn. 4 into Eqn. 3 and rearranging gives

(3)

(4)

(5)
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where

~=ax(50+ z,)+ bx(50 -z,) ~=ax(50- z[)+~x(50+ z/) ~=cx(50+ z/)+(50 -z/) e(6)

CX(50– Z1)+(50+.Z{) CX(50– Z,)+(50+ Z,) cx(50–z, )+(50 +,Z/)

Therefore, Eqn. 5 is used to estimate the value of 50rl and then to compute the errors in the

measurement.

To include the uncertainties in the standards (NIST certified tir lines), a Monte Carlo technique
[3] is utilized. In this technique, a normal distribution is assumed for the uncertainties of the
standards. Using the Box-Muller transformation [3], a value is selected for the standard. This
value is then used in the computation of the error box terms. The mean value and standard
deviation of 101 computations are calculated for the errors which are given by

E mag = r(meI– Irca,cI (7)

E angk? = 4mfme – rd.) (8)

where r~~ is the expected value of the reflection coefficient and rC,lCis the calculated value. E..g
and Emgl,are the errors in the reflection coefficient magnitude and phase angle, respectively. The
standard deviations of En,.gand Emgl. are calculated to be Type A standard uncertainties [4]. The
final uncertainties include a coverage factor which is usually k=3 [5].

An example of the results of the analysis and resulting uncertainty calculation for APC-7 mm
connectors is shown in Table 1. The table shows both the errors and uncertainties (three standard
deviations) of the model analysis for fourteen reflection coefficient values ranging from 0.003 to
1 as a function of frequency. Only part of the complete frequency set is shown in the table. The
process which results in the uncertainty estimates for a particular VNA (i.e. including calibration
kit for the specific connector type, averaging factor, power level, etc.) is called “certification” so
as to distinguish it from the VNA “calibration” process. The VNA that has undergone this
treatment is referred to as “certified.” The entire process of setup, data acquisition, calculation,
and even certificate printing is controlled by computer software [6].

As shown in the table, the method computes estimated uncertainties for both the magnitude and
the argument of the phase angle of SI, and SZ2.The value in the error column should be small;
usually much less than the estimated uncertainty. If it is not small, a potential problem with the
measurement is indicated. The problem could arise from a variety of sources including improper
VNA “calibration,” calibration kit device failure, VNA hardware failure (e.g. the internal
components within the test set), or improper connection of the measurement standards,
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Table 1. Calculated VNA uncertainties for APC-7 mm connectors. The uncertainties calculated follow the
guidelines from ANSUNCSL Z540-2-1 997 [11]. The error values quantify the validity of bias-free assumptions

required by ANSUNCSL Z540-2- 1997 guidelines. The absolute value or magnitude of the reflection coefficient, I’,

,is p and designated by Rho in the table.

7mm I S11 I Errors & Expanded (k = 3. O) Uncertainties

Measured Frequency (MHz)
Rho 50.0 100.0 250.0 500.0

Error Unc. Error Unc. Error Unc. Error Unc.
.0030 -.0004 .0040 -.0003 .0037 -.0004 .0039 -.0002 .0030
.0100 -.0001 .0042 -.0001 .0039 -.0001 .0041 -.0001 .0031
.0150 -.0001 .0042 -.0001 .0039 -.0001 .0041 -.0001 .0031
.0200 -.0001 .0042 -.0001 .0039 -.0001 .0041 -.0001 .0031
.0300 -.0001 .0042 -.0001 .0039 -.0001 .0041 -.0001 .0031
.0500 -.0001 .0042 -.0001 .0039 -.0000 .0041 -.0001 .0031
.0700 -.0001 .0042 -.0001 .0039 -.0000 .0041 -.0001 .0031
.1000 -.0000 .0042 -.0001 .0039 -.0000 .0041 -.0001 .0031

1500 -.0000 .0042 -.0001 .0039 -.0000 .0041 -.0001 .0031
:2000 -.0000 .0041 -.0001 .0038 0.0000 .0040 -.0001 .0030
.3000 -.0000 .0041 -.0002 .0037 0.0000 .0039 -.0002 .0029
.4000 -.0000 .0040 -.0002 .0036 .0001 .0037 -.0002 .0028
.5000 -.0000 .0039 -.0002 .0034 .0001 .0035 -.0002 .0026
.9999 0.0000 .0046 -.0004 .0035 .0002 .0028 -.0004 .0026

7mInArg(Sll) Errors & Expanded (k = 3.0) Uncertainties

.0030 12.89 180.00 .54 180.00 39 180.00 -.43 180.00

.0100 .24 24.37 .28 22.41 : 19 23.58 .19 17.89

.0150 .19 16.16 .23 14.87 15 15.64 .15 11.89

.0200 .15 12.10 .21 11.13 :13 11.71 .13 8.91

.0300 .12 8.06 .18 7.42 .11 7.80 .10 5.94

.0500 .10 4.84 .16 4.45 .09 4.68 .09 3.57

.0700 .08 3.46 .15 3.19 .08 3.35 .08 2.55

.1000 .08 2.43 .14 2.24 .07 2.35 .07 1.79
1500 .07 1.63 .14 1.50 .07 1.58 .07 1.21

:2000 .06 1.23 13 1.14 .07 1.20 06 .92
.3000 .06 .84 :13 .78 .06 .83 :06 .63

4000 .06 65 .13 .61 .06 65 .06 .50
:5000 .06 :55 13 .52 .06 :55 .06 .42
.9999 .06 .41 :13 .40 .06 .41 .06 .33

Theuncertainties calculatedbythese methods areincluded asTypeAemorswhen measuring
device with the ’’calibrated” networkanalyzer. The expanded uncertainty that isassignedto a
devicewhenitis measured onacalibrated networka.nalyzer is

where U~XPisthe expanded uncertainty, kisthe coverage factor, U., is the Type A measurement
uncertainty orrepeatability observed when the deviceismeasured, and UvistheVNA
uncertainty calculated from the method described in this paper. Proper network analyzer
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calibration, multiple measurement on a DUT, and including the estimate of the residual VNA
errors described here provide a plausible estimate of the final DUT measurement uncertainty.

RESULTS

In this section the uncertainty estimates for a VNA system with 7 mm, 3.5 mm, and type N
coaxial interfaces are summarized and discussed. Four data sets for each connector obtained over
four years were analyzed. These four data sets represent annual certification measurements on the
netsvork analyzer. The 7-mm connector used the TRL calibration kit while the other connectors
employed the SOLT [short, open, load (with a sliding load), thru] calibration kit. Thiieen
measurement frequencies of 50, 100,250, 500, 1500,2500,4500,5500, 7500,9500, 12500,
15500, and 17500 MHz were used for certification of the VNA for each connector. The mean
uncertainty and standard deviation of the mean for the uncertainty estimate at each frequency

from the four data sets were calculated. Only the magnitude of the reflection coefllcient (p) is
examined in this paper.

Figure 2 shows the plot of the mean uncertainty values for six p values of 0.010,0.050,0.100,

0.300,0.500, and 1.0 for the Sll measurement. Except for p = 1.0, the magnitude of the
uncertainties are similar. Note that there is clearly a frequency dependence with a general trend
of increasing uncertainty with increasing frequency (except for frequencies below 2000 MHz).
Figure 3 shows the standard deviation of the mean for the data from Figure 2. Figure 4 plots the
relative error or relative uncertainty for these calculations [7,8,9]. The relative error is lower at
frequencies above 2000 MHz. Note that the mean uncertainties values are quite small so that any
variation, denoted by the standard deviation, results in comparatively large relative errors.

To fi.u-therunderstand the variation in the uncertainty values, as shown by the standard deviation
plot in Figure 3, the last certification measurement data set for the 7-mm connector was
reanalyzed six times and saved. These data were analyzed to observe the effect of the Monte

Carlo technique on the results. It was found that the mean uncertainty values obtained were very
similar to those shown in Figure 2. However, the standard deviation and the relative error were
reduced by a factor of greater than 100. This fact demonstrates that the variation seen in the data
shown by the standard deviation or the relative error plots is primarily the result of changes
occurring in the system between certifications and is not the result of the calculational method.

Figures 5 and 6 plot the mean uncertainty values and relative errors for the 3.5-mm connector.
These results show the same general trend as the 7-mm connector results. However, the
uncertainty values are larger than the 7-mm uncertainty values. Part of this increase may be
attributed to the larger relative uncertainty of the standard air line used for the 3.5 mm
measurements compared to the 7 mm measurements. A significant difference between these two
sets of data is evident at higher frequencies. The 3.5-mm uncertainties at the higher frequencies
are smaller than the values at lower frequencies. The opposite is true for the 7-mm connector
data.
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HP85107mm IS,, I Expanded Uncertainties
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Figure 2.Mean values of calculated VNA uncertainties for the 7-mm comector from four data sets measured over a
four-year period [10].
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Figure 3. Standard deviation of the mean values of calculated VNA uncertainties for the 7-mm connector from four
data sets measured over a four-year period.
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Figure 4.Relative error of calculated VNA uncertainties for the 7-mm connector from four data sets measured over
a four-year period. The relative error is the ratio of the standard deviation to the mean value.
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Figure 5. Mean values of calculated VNA uncertainties for the 3.5-mm connector from four data sets measured over
a four-year period.
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HP8510 3.5 mm IS,,! Expanded Uncertainties
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Figure 6. Relative error of calculated VNA uncertainties for the 3.5-mm connector from four data sets measured
over a four-year period. The relative error is the ratio of the standard deviation to the mean value.
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Figure 7. Mean values of calculated VNA uncertainties for the type N connector from four data sets measured over
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Figure 8. Relative error of calculated VNA uncertainties for the type N connector ffom four data sets measured over
a four-year period. The relative error is the ratio of the standard deviation to the mean value.

Figures 7 and 8 plot the mean uncertainty values and relative errors for the type N connector. The
type N results clearly show a very pronounced increase in uncertainty value with increasing

frequency. Unlike the other two connector results, the p = 1.0 data do not produce the largest

uncertainty values. In fact, all p values for type N exhibit much less scatter than the other
connectors. The relative error for type N“is largest in the middle frequency range.

The uncertainty estimates for lSz2/,Unc(lSJ, show general trends for each connector similar to
the trends shown above for ISIIl. However, there is still a difference between the two VNA ports
that is illustrated in Figure 9 for the 7-mm connector. Figure 9 plots the quantity (Uric/S,,/-
Unc(lSJ)AJnc(lSl 11),where Unc( ) denotes the uncertainty of the listed s-parameter, as a

function of frequency. The plot shows that, except for the case of p = 1.0, all other p values
display a substantial difference between the two scattering parameters. However, again it must be
noted that the observed differences are generally differences between small numbers. For
example, Table 2 shows the mean uncertainties at a frequency of 7500 MHz for the two
scattering parameters. The uncertainties are quite small and this causes their difference to be
magnified.
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HP851O 7 mm Expended Uncertainties
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Figure 9. Difference between the uncertainty magnitude of the two scattering parameters S1l and Sn relative to the
uncertainty magnitude of S,,. The data are the mean values from the four data sets for the VNA uncertainties for the
7-mm connector.

Table 2. Comparison between the lS1,1and ISZZImean uncertainties at 7500 MHz for the 7-mm connector. The fust

column labeled p represents the measured value of the reflection coefficient magnitude. The uncertain~ remains
fairly constant with p which means that the relative uncertainty tends to decrease as p increases.
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SUMMARY

This paper has presented a method to perform a second-tier calibration of a VNA (called a
“certification”) that produces uncertainty estimates for a specific VNA under defined
measurement conditions. These uncertainty estimates may be used to provide an expanded
uncertainty for subsequent measurements with the VNA. The IS,~\ results for 7 mm, 3.5 mm, and
type N connectors clearly show that the estimated uncertainties are dependent upon the particular



configuration of the VNA. The 7 mm uncertainties are lower than the uncertainties from the
other connectors. Both 3.5 mm and type N results show a similar uncertainty magnitude but the
dependence on frequency is quite different for the two connectors. The two scattering parameters
exhibit similar trends for a given connector but there are differences, sometimes substantial,
between the uncertainties. The data presented here clearly show the usefulness of this method for
providing an uncertainty estimate that depends explicity on the VNA system employed.
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