346 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 49, NO. 2, APRIL 2000

Uncertainty Analysis for Four Terminal-Pair
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Abstract—The Electricity Division at the Nationals Institute of Li
Standards and Technology (NIST, formerly NBS) has developed
the capability to characterize capacitance and dissipation factor
for four terminal-pair (4TP) air dielectric capacitors at frequencies
from 1 kHz to 10 MHz. The method, based on work by Cutkosy and
Jones of NBS and recent developments by Hewlett-Packard Japan,
involves single-port network analyzer impedance measurements at
frequencies from 40 MHz to 200 MHz and capacitance measure-
ments using a precision 1 kHz capacitance meter. A mathematical
regression algorithm is used to extrapolate inductance and resis- Fig. 1. Four terminal-pair capacitor: simple model.
tance measurements from the network analyzer down to 1 kHz in
order to predict capacitance and dissipation factor from 1 kHz to
10 MHz. A comprehensive uncertainty analysis for the procedure
is presented.
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TABLE |
TYPE A STANDARD UNCERTAINTIES FOR
1-kHz MEASUREMENTS
Index Terms—Capacitance, dissipation factor, four terminal

pair, impedance, precision measurements, uncertainty analysis. Nominal Measured {Measured Type A
Capacitance |Parameter Capacitance |Uncertainty

(pF) (eF) (ppm)
1 Clhl  1.0000142 5
|. INTRODUCTION Clg 4882658 3
HE Electricity Division at the National Institute of Stan- Chg  17.67269 86
. 10 Clh| 10.000745 4
dards and Technology (NIST, formerly NBS) has imple- Clg 29.16876 14
mented a system to characterize capacitance and dissipation < C(;g 25.02418 30
factor for four terminal-pair (4TP) air dielectric capacitors at 100 Cig 22;23222 33
frequencies from 1 kHz to 10 MHz [1]. The method is based Chg 31.03866 37
on work by Cutkosky [2], [3] and Jones [4], [5] of NBS and re- 1000 8:; O oy 160
cent developments by Yoket al. [6], [7] as well as Yonekura Chg 33.36330 263

and Wakasugi [8] of Hewlett-Packard Japan. This paper de-
scribes an extensive uncertainty analysis of the measurement

system. The analysis has been divided into three areas: 1-kH&apacitors characterized using this technique will be used
capacitance measurements; network analyzer impedance n&ga@mpedance reference standards for a general-purpose digital
surements (covering frequencies from 40 to 200 MHz); andirapedance bridge recently developed at NIST to calibrate in-
mathematical extrapolation algorithm that regresses the highictors and ac resistors [9]. The technique is also to be em-
frequency characterization down to frequencies of 10 MHz ampyed in a future NIST special test for 4TP capacitance and
below [6], [7]. This algorithm is referred to as the capacitor fredissipation factor.

guency characteristic prediction (CFCP) method. The capaci-

tance and dissipation factor characteristics at 1 and 10 MHz are Il. 1-kHz CAPACITANCE MEASUREMENT UNCERTAINTY
produced by applying the CFCP algorithm to the 1-kHz capac-

: ) ) Fig. 1 shows the simple 4TP capacitor circuit model, where
L;a:;:u?:r:v:rllltgs the high-frequency (40-200 MHz) lmpedangc?h is the low-to-high capacitance ady, andCy, are low-to-

ground and high-to-ground leakage capacitances, respectively.
These capacitance components are repeatedly measured over
. . _ time to establish repeatability using a 1-kHz capacitance meter.
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20899-8111USA. itors. Uncertainties are given as parts irf Hhd labeled ppm.
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Port4 — Port3 Port 2 Fort 1 A component of uncertainty is the standard deviation of capac-

v itance and dissipation factors based on repeated network ana-
lyzer measurements applied to the CFCP algorithm. Note that
el this value also includes random variations of the capacitor.

The Type B component of uncertainty due to the network an-
alyzer was estimated using software simulations. Again, the so-
lution of the Yonekura circuit model [8] was used to compute
the true 4TP capacitance and dissipation factor of the reference
capacitor at frequencies of 1 and 10 MHz. Ideal S11 parame-
—_ —_ ters (that would be generated by an errorless network analyzer)
were also computed from the circuit equations and applied to
CASE the CFCP algorithm to predict 1- and 10-MHz capacitance and
dissipation factor behavior. The calculated S11 values were then
modified to simulate a network analyzer with offset, gain, and
frequency response errors within the manufacturer’s specifica-

tions [11]. S11 measurements of a NIST-calibrated precision

Sln_ce the results of the 1-kHz capacitance measurements e,y air line indicated that the network analyzer was within
used in the CFCP method, there will be an uncertainty contrifyi, .o specifications

tion from the 1-kHz measurements to the final capacitance a”dThe Type A and B standard uncertainties in the 4TP charac-

d|SS|pat|o_n factor results_. Software simulations were perform ization due to the network analyzer are reported in Section V.
to determine the uncertainty components of the 4TP capacitance

and dissipation factor due to the 1-kHz capacitance measure-
ments.

In 1990, Yonekura and Wakasugi described a circuit model
of 4TP capacitors (of the type described in this paper) [8]. They Still more simulations were performed to determine the
disassembled several of these capacitors and measured and pogertainty components of the 4TP capacitance and dissipa-
lished the values of typical model components, e.g., connectmn factor introduced by the CFCP method. The regression
and lead inductances. The following simulations are based algorithm extrapolates the network analyzer impedance mea-
this model and component values (see Fig. 2). surements (made over a range of frequencies chosen somewhere

Equations were developed to describe the Yonekura modebietween 40-200 MHz) down to 10 MHz and below using the
terms of the model components. Using published values fralrkHz capacitance measurement values, described briefly
[8], we computed the 4TP capacitance and dissipation, as walllove, as references. The regression parameters were selected
as the single-port data needed for the CFCP algorithm for this optimally predict the capacitance frequency characteristic
“reference” capacitor. for nominal capacitor values. This test was set up to determine

The sensitivity of the CFCP method was tested by applyirige sensitivity of the method to variability in manufacturing of
a fixed set of single-port (simulated network analyzer) datthe capacitor standards.
while randomly varying the 1-kHz capacitance data based onThe circuit solution of the Yonekura model provides ref-
the values given in Table I. Predictions of the 4TP capacitaneeence values of capacitance and dissipation factor at the
and dissipation factor from the CFCP method were obtained fisequencies of interest. It is also used to obtain high-frequency
the multiple simulations at 1 and 10 MHz. The predictions wesgngle-port values. Simulated network analyzer measurement
compared with the exact solution of the reference capacitordata were used to iteratively extrapolate to the frequencies
estimate the Type A uncertainty contribution in the final resulesf 1 and 10 MHz with normally distributed random errors
due to the 1-kHz measurements. The Type B uncertainty siniojected into the Yonekura model components according to
lations were run just as the Type A simulations except that teach component’s uncertainty [8]. For each reference capacitor,
1-kHz capacitance values were offset by 10 ppm instead of rdhe exact solution and the value predicted by the CFCP method
domly scattered prior to running the CFCP algorithm. The umvas compared. The Type B standard uncertainties attributed to
certainties produced from this simulation are reported in Sebe method are reported in Section V.
tion V as 1-kHz Type A and B standard uncertainties.

Note that the Type B uncertainty of the capacitance meter has V. UNCERTAINTY RESULTS
been approximated conservatively at 10 ppm.

Fig. 2. Yonekura component model.

IV. REGRESSIONALGORITHM UNCERTAINTY DUE TO
VARIATIONS IN CAPACITATOR MANUFACTURING

Table Il labels the standard uncertainty components, and
Table 11l shows the values of the components as well as the
expanded standard uncertainties for capacitance and dissipation

The high-frequency single-port measurements used by flaetor characterization of the standard 4TP capacitors (1, 10,
CFCP method are provided by a precision network analyz&00, and 1000 pF) at frequencies of 1 and 10 MHz. The uncer-
Measurements are made from 40 to 200 MHz, depending tainty components are root-sum-squared and then multiplied
the capacitor. The actual measured quantity is the scattering pa-two to produce the expanded standard uncertainty values.
rameter S11, which is converted into impedance. The netwokl capacitance uncertainty components are given in parts
analyzer contributes both Type A and B uncertainties. The Type10°, labeled as ppm, and all dissipation factor uncertainty

I1l. NETWORK ANALYZER MEASUREMENTUNCERTAINTY
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TABLE I [2] R. D. Cutkosky, “Four-terminal-pair networks as precision admittance
UNCERTAINTY COMPONENT DESCRIPTIONS and impedance standardiEEE Trans. Commun. Electrgvol. CE-70,
pp. 19-22, 1964.
al | Type A 1 kHz capacitance standard uncertainty [3] ——, “Techniques for comparing four-terminal-pair admittance stan-
a2 | Type A network analyzer standard uncertainty dards,”J. Res. Nat. Bur. Standvol. 74C, pp. 63—-77, 1970.
b1 | Type B 1 kHz capacitance standard uncertainty [4] R.N.Jones, “Atechnique for extrapolating the 1 kc values of secondary
b2 | Type B network analyzer standard uncertainty capacitance standards to higher frequencies,” NBS, Tech. Note 201,
b3 | Type B CFCP standard uncertainty Nov. 1962.
[5] ——, “Evaluation of three-terminal and four-terminal pair capacitors at
high frequencies,” NBS, Tech. Note 1024, Sept. 1980.
TABLE Il [6] K. Suzuki, T. Aoki, and K. Yokoi, New Calibration Method for
RELATIVE UNCERTAINTY COMPONENTS AND EXPANDED UNCERTAINTIES Four-Terminal Pair Capacitance StandardsYokohama, Japan:
(k =2) Hewlett-Packard, 1991.
[7] T. Aoki, “Calibration method for four-terminal-pair capacitance stan-
a1 a2 o1 b2 163 U (k=2) dards: Progress report,” i@onf. Precision Electromagnetic Measure-
1 pF Capacitance (Ppm) ments (CPEM) Conf. DigWashington, DC, July 6-10, 1998, pp. 36-37.
1 MHz 5 0 10; 250; 250, 700 [8] T. Yonekura and T. Wakasugi, “Frequency characteristics of four ter-
10 MHz 5 8| 10| 5000} 5000 14000 minal pair air-dielectric capacitors,” iroc. Nat. Conf. Standards Lab-
1 pF Dissipations Factor (prad) oratories (NCSL) Workshop and Symashington, DC, Aug. 19-23,
1 MHz 5 5 10 100 100 300 1990, pp. 469-483.
10 MHz 5| 183 10| 2000| 2000 5700 [9] B. C. Waltrip and N. M. Oldham, “Digital impedance bridgd EEE
10 pF Capacitance (ppm) Trans. Instrum. Measvol. 44, pp. 436—439, Apr. 1995,
1 MHz 4 1 10 5 1 24 [10] Y. M. Chang and S. B. Tillett, “NIST calibration service for capacitance
10 MHz 4 76 31| 520] 75| 1100 standards at low frequencies,” NIST, SP 250-47, Apr. 1998.
10 pF Dissipation Factor (prad) [11] Network Analyzer User's Guidélewlett-Packard, Sept. 1997, p. 7-4.
1 MHz 4 0 10 9 2 28 [12] B.N. Taylorand C. E. Kuyatt, “Guidelines for evaluating and expressing
10 MHz 4 2 10 295 70| 610 the uncertainty of NIST measurement results,” NIST, Tech. Note 1297,
100 pF Capacitance (ppm) 1994.
1 MHz 7 0 10 5 0 26
10 MHz 7 9 10| 545 7| 1100
100 pF Dissipation Factor (urad)
1 MHz 7 0 10 1 0 24
10 MHz 7 ol 10 51 2| 105 , _
1000 pF Capacitance (ppm) Andrew D. Koffman (S’86-M'90) received the B.S. degree from the Univer-
TMAz 5 0 10 5 2 25 sity of Maryland, College Park, in 1988 and the M.S. degree from Vanderbilt
10 MHz 5 8 36| 474/ 255 1100 University, Nashville, TN, in 1990, both in electrical engineering.
1000 pF Dissipation Factor (urad) He joined the Electricity Division at the National Institute of Standards and
1TMHz 5 0 22 ) ) 50 Technology, Gaithersburg, MD, in 1990. He has worked to develop and apply
10 MHz 5 ol 610 203 266 1400 model-based strategies for testing complex electronic systems. He currently
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components are given in microradians, labeleg@sl. These
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