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Abstract—A joint effort between the U.S. Naval Academy and Four Terminal-Pair Capacitor
the National Institute of Standard and Technology (NIST) resulted al—v
in the development of a method to characterize the capacitance ‘:‘ ]lgll
and dissipation factor of a set of commercial standard four ter-
minal-pair (4TP) capacitors. The method depends on network an- L v
alyzer impedance measurements at high frequencies (40 MH-200 e [2%12
MHz) and a regression of these measurements down to the fre- E:I

(0]
L

guency range of 10 MHz-1 kHz. This paper provides an analysis of
the sensitivity of the regression parameters and the high-frequency ; Vi L
impedance measurements. — |

Index Terms—Capacitance, dissipation factor, four ter- Ll—v
minal-pair capacitor, high frequency, impedance, precision 4
measurements, sensitivity analysis.

Fig. 1. Four terminal-pair capacitance standard.
|. INTRODUCTION

EVERAL groups have worked on the characterization ofi: iS the driving-point impedance at parwith all other ports

our terminal-pair (4TP) capacitance standards at high frigft open,Zi;,; is the driving-pointimpedance at panvith port
quencies [1]-[9]. The work originally started with Cutkosky and shorted and all other ports left open.
Jones of the National Institute of Standards and TechnologyPresent measurement requirements at NIST have made it nec-
(NIST) and was followed by Suzuki, Aoki, Yokoi, Yonekura,essary to develop an updated approach for determining four ter-
and Wakasugi of HP Japan. This paper describes a variatiorMipal-pair capacitance and dissipation factor in the frequency
the technique described by Aokt al. to predict a capacitor's range of 1 kHz—10 MHz. In the proposed procedure, a network
frequency characteristic [1]-[3] The method is sensitive to r@nalyzer is used to measure the driving point impedance values
gression parameter selection and the paper gives a detailed adavery high frequencies and a regression analysis is performed
ysis of the techniques used to calculate reasonable valuestégpredict the capacitor's frequency characteristic at frequencies
these parameters. from 1 kHz to 10 MHz.

The principles of a capacitor frequency characteristic predic-In order to measure the necessary impedances, namgely,

tion (CFCP) method is described in [1] and some practical 8&3d Ziis;, the following procedure is performed.
pects are addressed in [3] and [9]. As a background introductiorStep 1) The network analyzer is verified and calibrated over

to our discussion, the practical realization of the CFCP method the frequency ranges used to conduct the driving-
is summarized. point impedance measurements.
Step 2) Impedances/;; and Z;;,; are measured using
[I. PRACTICAL REALIZATION OF THE CFCP METHOD the network analyzer over the specific frequency

ranges. Equation (1) demonstrates the need to know
the values of impedance differencés; — 71152,
Z11 = Z11s3, Laa — Zaasa, and Zyq — Zyas3.
Throughout the rest of this pap&y; — Z;;;; is used

9o to represent these difference measurements.
Zatp = A/ m(\/(zll — Z1152)(Za4 — Zaass) Step 3) A circuit diagram [4], [5] of a 4TP capacitance stan-

dard is shown in Fig. 1. It is assumed that the capac-

The following equation represents the calculation of a 4TP
impedance from driving-point impedances (measurable with a
network analyzer) [1], [3] (see Fig. 1):

— AR Lo — 2 . 1 o L
\/( t 103)(Za4 4452)) (1) itive component of this impedance does not change
with frequency. Capacitancés, Cy,¢, andCjg (see
Manuscript received l_vle_iy 2_6, 1999; r.eV|sed January 11, 2000. _ Fig. 1) are measured at 1 kHz using a high-accuracy
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Fig. 2. Real and imaginary parts of the measured impedance for a 100 pF capacitor.

Step 4) It is assumed that the change in the capacitor's fre- solved using regression techniques. To reduce the
guency characteristic is due only to the inductive influence of skin effect, the measured real compo-

and resistive impedance components. For example, nent must first be normalized using the formula
impedanceZ;; _;;s; is represented in the form

RMeasured
RNormalized = ————. (3)
. 1
Ziiiisj = Rii—iisj +J (27TfLii—iisj B Tem— ) . (2 VMeasured
1T —1223]

Step 5) This approach simplifies the regression process so

In the above equation, circuit analysis techniques that resistive and inductive components may be an-

are used to solve the equivalent capacitance at each alyzed separately, i.e., the resistive components are
of the ports on a capacitot,’;; and Cys;. The calculated from the real part of the network ana-
remaining resistive and inductive components are lyzer measurements after being normalized using
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Real Simulated Impedances (100 pF Standard)
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3. Simulated values for impedance using a model for a 100 pF capacitor.

(3). Likewise, the inductive components are calcu- more detailed explanation on the selection of regres-
lated from the imaginary part of the network ana- sion parameters, as well as measurement frequency
lyzer measurements according to (2). The form of ranges, is given below.
the regression used is Step 6) The last step is to predict the value of each driving-
point impedance at a desired frequency. The regres-
A(f) = Ao+ 7 4, (4) sion (4) may be used to prediBt; _;i;; andLi;_;is;
forany frequency in the range 1 kHz—10 MHz. Equa-
where tions (1) and (2) are then used to predict the resulting
Ag =mean(Li;_s;) — Armean(f) (5) impedanceZsrp.
A, = 2lbiiisj, —mean(Liiiis;)] ) [ fo —mean(f)]
[ Liiiisj, —mean(Liiis;)]? [ll. REGRESSIONPARAMETER SELECTION

(6)
By using a network analyzer to measure the capacitor's im-
n is the number of measurements taken using tipedances, several limitations in selecting the measurement fre-
network analyzer, angis the frequency exponent. A guency ranges take place.
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Imaginary Measured Impedance Differences (100 pF Standard)
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Fig. 4. The 100 pF capacitor impedance measurements to be compared with simulations in Fig. 3.

Network analyzers are calibrated using standard open, short4TP air dielectric capacitors exhibit extremely low dissipa-
and load devices. The standard load is a calibrate@® 56 tion factor behavior (on the order of 10 or lower). In gen-
sistor. In order to maintain high accuracy, the network ana- eral, network analyzers cannot resolve this behavior. To over-
lyzer should measure the test capacitor at frequencies whereome this limitation, the measurements may be made at ex-
its impedance is on the order of 50 To further reduce the tremely high frequencies where the dissipation factor compo-

influence of any network analyzer offset errats; andZ44 nents dominate the behavior. However, these are the same fre-
are measured twice. For exampl; is measured just prior quencies where the real components of the measurements are
to measuringZ, 152 and also just before measuriag; ;3. severely influenced by skin effect. A tradeoff must be made.
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Real Simulated Impedance Differences (100 pF Standard)
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Fig. 4. (Continued) The 100 pF capacitor impedance measurements to be compared with simulations in Fig. 3.

The third guideline in the selection of measurement frequemeasurements that are around 50 O, the frequency ranges have

ciesis related to the frequency characteristic of each port méa-be around 100 MHz (notkyg(50) ~ 1.7). Note also the

sured. Since the regression is used to estimate the capacitanmber of resonant frequencies to be avoided. Air capacitors

frequency characteristic, the measurements must be madenfare very small dissipation factor and the measured real com-

away from any resonances (frequencies where the impedapoeent is very small. At lower frequencies the imaginary com-

is nonreactive). ponent of a capacitor (and thug, factor) is sufficiently high

The complexity of the problem lies in the fact that there arthat the network analyzer is unable to resolve the real compo-
seven different impedances to be measured in order to estimatat.
the capacitor's frequency characteristic. The real and imaginarpirectly related to the frequency range selection is the selec-
parts of the impedance for a number of air capacitors were mgan of the regression exponent parameter detailed model
sured in the range 20 MHz-200 MHz using a network analyzejt a capacitor is necessary in order to find the best regression
The example in Fig. 2 shows impedance measured for a 1f#0Simulations were performed based on the model published
pF air capacitor. The results show the significant difference by Yonekura and Wakasugi [3]. Using nominal values for resis-
measured values between the real and the imaginary partsiv, inductive, and capacitive components of the model capac-
the impedances. This figure and subsequent figures are givm, a procedure was developed to simulate a wide range of net-
to demonstrate the complexity of the optimization process, n@brk analyzer measurements. The model calculations were then
necessarily the details. To achieve optimal network analyzsympared to the measurements of a real capacitor. The measure-
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(a) Total impedance differences for two different sets of regression parameters. (b) Capacitance characteristics for two differeegrestioof r
parameters. (c) Dissipation factor results for two different sets of regression parameters. (d) Power exponents for resistive and indwitine pagesseters
obtained by fitting each driving-point impedance curve. (e) Power exponents for resistive and inductive regressions parameters obtaigedidsypfétion
factor curve and capacitance differences curve separately.
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ment vs. simulation data show good agreement (see Fig. 3 &ssistance during this project, and T. Aoki, who spent several

the simulations and Fig. 4 for the measurements). Based on thiseks at NIST providing engineering experience that saved the
agreement, it was concluded that it is acceptable to use the giegthors many months in perfecting the measurement procedure.
model as a starting point in a search for an optimal set of regres-
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