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Determination of AC-DC Difference in the 0.1-100
MHz Frequency Range

JOSEPH R. KINARD, SENIOR MEMBER, I22E, AND TI-XIONG CAY

Abstract—Thermal voltage converter.structires have been modeled

- theoretically. and studied experimentally to determine their ge~de

differences:in: the 0.1~-100 MHz frequency range. Estimated uncertain-

ties, corresponding to the oné dard deviation:confdence level, for

‘these-ac-dc dlﬁerences vary from 20 ppi at § MHz to 2000 ppm at 100
MHz.

1. INTRODUCTION

THE frequency range of 100 kHz-100 MHz, ac voit-

age measurements of the highest accuracy are generally

made using ‘thermal voltage .converters (TVC’s) con-

structed with thermoelements (TE’s) :and series resistors
‘mounted on the axis of a cylindrical structure.

This paper describes thieoretical and - experimental
methods for the determination:of the ac-de differences for
a group of thermal-voltage converters emphasizing the 10
to 25 V ranges having series resistors ranging from 1 to 5
kQ. The design and materials used in the construction of
these I'VC’s were chosen in-order to permit detailed mod-
eling and analysis. The major contributions to ac-dc dif-
ference; for the 10-25-V converters under study in thxs
‘work, were:

. a) the voltage standing wave in the input connector and
te¢ structure, point p to point ¢ in Fig. 1, since all
TVC’s considered here are relatively high- imped-
ance nonmatching loads;

b) the transimpedance, the ratio of the voltage at point
g to'the.current fiowing out of the ; senes resistor sec-
tion, Region 1 in Fig. 1;
¢) the current standing wave in the thermoelement sec-
tion, Region 2 in Fig. 1;
‘d). to a lesser extent, skin effect in the.overall structure.
Of these, a) and .c) are essentially voltage range inde-
pendent forthe 10 25 V ranges, Intercomparisons of dif-
ferent voltage ranges will not necessarily reveal the pres-
ence of a) and c), so.fairly elaborate analyses -and
measurements, -as described below, ‘were required to .as-
sign values to these effects. Contributions b) and d) are
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'Fig, I. Diagram of TVC

essentially range dependent, so that, in general, intercom-
parisons of properly constructed TVC’s-of different volt-
age ranges will reveal their presence and allow them to be
evaluated.

II. DescrirtioN oF CONVERTERS AND COMPARATOR
SYSTEM

‘The TVC’s studied included some described by Her-
mach-and Williams [1}-as well as newly constructed con-
verters of a-similar design. All of the converters contained
UHF-type thermoelements, rated from 2.5 to 10 mA, with
heaters and feedthroughs colinear. To reduce coupling,
the thermocouple leads-were taken out of the TE ina plane
perpendicular to the heater. Some of the new TVC’s con-
tained :specially constructed thermoelements made with

" Evanohm heafers and platinum iridium feedthrough leads
“instead of the usual magnetic. dumet leads. All of the new

converters were cqn,struc_ted entirely of nonmagnetic ma-
terial to minimize skin effect. The converter cylinders and
the input connectors were constructed mostly of brass. The
series resistors were cylindrical ceramic rods with an un-
spiraled depnsited carbon coating. The manufacturer’s
original glass encapsulation, magnetic end caps, and leads
were removed and replacéd with c0ppcr end caps and leads
as shown in Fig, 2.

For the newly constmeted converiers, the TRt were
first intercompared as -current converters over the entire
frequency range. Some of'these measurements on the TE’s
were made with the two -elements mounted in series on
the axis of a cylinder. The input signal was applied alter-
nately at one end and then ‘the other, with the opposite
end short circuited. A detailed analysis of this methad at
frequencies above 1°MHz is given in a later part of this
paper. Other intercomparisons were made by carefully in-
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Fig. 2. Construction of series resistor showing (a) original form and (b}
modified form.

terchanging TE's in a 10-20-V range converter structure.

TE’s selected for use had generally negligible variations
in ac~dc difference as current converters compared to the
‘overall uncertainties at the various frequencies.

The improvements in the characterization of TVC’s in
this frequency range were made possible, in part, by the
use of a high-performance semiantomated -comparator
system as shown in Fig. 3. The system contains an RF
signal source, broad-band power amplifier, reversible dc
power supply, coaxial ac-dc relay switch, Lindeck poten-

tiometer, resistance divider network, digital nanovolt--

meter, and desktop computer. Comparisons were made in
the usual way by connecting the TVC's jn parallel, with
a coaxial tee employmg the common type of connector
used on TVC’s in this frequency range, type 874. Data
were taken at equal time intervals using the sequence ac,
de+, de—, ac. The output of one TVC designated test,
was held constant during an ac-dc difference comparison
by the use of the Lindeck potentiometer and the fine ad-
Jjustments on-the sources. The ac fine control consisted of
a small finely adjustable de voltage applied as external
amplitude modulation to the RF signal generator.

The larger of the two TE outputs was.nulled directly
against the smaller using the 4.9-kQ resistive divider,
Overall system timing, data.collection, and data reduction
ffom the digital nanovoltmeter were provided by the desk-
top computer. Standard deviations of only a few parts per
million were obtained for a -group -of ac-dc difference
measurements over the whole frequency range.

III. Frequency RANGE oF 1-100 MHz

The frequency range of 0.1-100 ‘MHz may be consid-
ered as two separate frequency regions requiring related
but different approaches. The division of the frequency
range into two regions js appropriate because the range-
independent contributions to ac—dc difference are found
to be generally negligible from 0.1 to 1 MHz, and the
TVC’s can be made so that the range-dependent contri-
butions are comparable to the uncertainties arising from
the ability to define and intercompare the TVC’s. The fre-

Fig. 3. AC-DC difference comparator svstem

quency range of 0.1-1 MHz is discussed in a later sec-
tion. In the frequency region of 1 to 100 MHz, all the
range-independent as well as range-dependent contribu-
tions to ac-de difference are important. Bach of these con-
tributions was analyzed -and its value calculated or mea*
sured as described in the following sections.

A. Voltage Standing Wave Contribution

As a practical convenience TVC’s are made with coax-
il input connectors, and it is common practice to define
the ac-dc differences for TVC’s with reference to the
midpoint plane of a.coaxial tee mated to the input con-
nector structure. For this investigation all: the TVC’s were
constiucted using type 874 connectors and, except where
noted otherwise, all intercomparisons :and ac-dc differ-
ence vilues are referenced to the midpoint planc-of a type
874 tee. A range-independent ac-dc difference arises from
the voltage standing wave in this input ‘connector and tee
structure. Since the characteristic impedance (hundreds of
ohms or. more) of the main body of the ¢converter structurc
is much higher than the nominal 50-Q characteustlc
impedance for the tee and mput connector, the voltage at
plane g in Fig. 1, can differ significantly from that.at plane

p. For this analysxs, the tee structure and input connector.

will be approxxmated a3 a uniform loss-free transmission
line. Defects in the construction of the 874 tee and con-
nector appear as corrections or second-order terms to this
approximation.

With Z as the total series impedance and Y as the total
shunt admittance in the tfansmission line between p and
4, the transmission line formulas [2] give -

¥V, = "Vq.cosIz v+ L2 sinh Y

where
. 1/2
_ (a2 - (Z
But
L=)s -z
¢z B 4

where Z, is the input impedance in Region 1 of Fig. 1, so

, Z sinh v
V,= V‘](cosh'y +ZT>
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Expanding the- hyperbohc funcuons gives

Vo o Z ZA
L=1+ L
, v, 't 2VZTZ6 "
with _
v =joCZ, -, v f;j—(w%)z., Z = juCZ}
- 50 - '
", (_mcz,’)*.' wCZ2 wCZ
Py A gelZy el
V.~ =1-= o +j 7 ( CZO).

By letting o = wCZo, M= Zy/2, and since o << .1, if
Z =R .-

v, 'A 3 3t
z—1~-—2+}aM 16‘

Droppmg the hlgher order term and taking the magnitude

gives )
Vo [(. o\ o 2
E_[(l__) +(aM)] =1-—(1=M).

Thus the.ac>de difference coritribution from the coaxial
connector and:teeis’
@ ,

:6; = T“Ef(l - M ) (l)
The parameters « and M were determined from the geo-
metric dimensions of the tee structure and input connector
and from the value of R,. The contribution to ac-dc dif-
ference predicted by (1) was tested by nsing a specially
constricted TVC with an input connection brought in at
plane g. The results shown in Fig. 4 confirm the very
-good agreement between the model, plotted as the solid
line, and measured values indicated by diamonds.

B. Transimpedance Contribution

The second major contribution to ac-de difference,

which is also the main range-dependent component, is due
to the transimpedance of the part of the TVC structure
containing the series range resistor, labeled Region 1 in
Fig. 1. This region-may be represented as a transmission
line {2], [3] with-auniformly distributed series impedance
-of Z; Q per unit length, distributed shunt admittance of ¥,
S per unit length, :and overall length /. The transimped-
ance is Z, = V3, /1, where ¥, is the input voltage at plane
¢ and I is the current flowing into the heater, or Region
2. The ac—dc difference contribution from this reglon can
be written as 8y = (IZ,,I R))/R, where R, is the dc
value of the series resistor plus heater resistance. For the

transmission line of Region 1, Fig. 1, terminated ina TE -

heater resistance, Rj:

7, = Ry cosh VZ,¥; + —i== sinh w/Zl Y.

\/217 (2)

The thermoelement in Region 2 of Fig. 1 ,r_nay be repre-
sented as a short circuited transmission line with input

~ el

- .eaod |

- g1

- .023

Ac~dc difference (percent)

1 4. 19 4@ 188
Freguency (M=)

Fig. 4. Calculated-values for input tee and connector voltage standing wave
contribution to ac-dc difference shown as solid line. Measured poinits

shown as.diamonds.

impedance Z, given by

tanh VZ, ;.

Z'=‘74
h‘\/Zz_Yz

Substituting Z, for R, in (2) gives the complete expression
for the transimpedance of Region 1:

= Zz, tanh«/ Y; cosh v/Z;. Y,
NG Y,
Z =7
+ —==sinh VZ, Y.
] (—ZlYl 141

This yields the following expression for ac-de difference
from reactance e;ﬂ'ccts of

@ [ B
O = ‘i‘m ( .+mK2) AK1+CK2 6}
K, - 2‘_’ o = ﬂ,’ m= ﬁ.’ n= ?_?.
a a 1 4
2 A 1
- 2 = - = 2 4 2 —_
4= (m + 3m + ‘3.), B <m + 5™ + 15)
1

withg; << 1andb; << 1, where a; = wCR;, b= wL;/R;,
and C;, R;, and L, ate the total capacxtance resistance, and
inductance for the respective regions, either 1 or 2 in Fig.

i. R
- The model described above for this major range-depen-
dent contribution to ac-dc difference was tested by inter-



KINARD AND CAIL: DETERMINATION OF AG-DC UIFFERENCE

comparison of three specially constricted TVC’s having
parameters as follows:

1 R

'rvc, 10 mA 1.1k
Ve, SmA 2.1k0
TVE, 2.5mA 56k

As mentioned in {1, the effective léngth of the resistor
‘is longer than its physical length diie to the fringing field
at the ends. Based on determinations in [1], an increase
in length of 20 percent was used for the calculations of
the total capacitance and inductance in Region 1, Fig. 1.
The results showing the excellent agreement between-cal-
culated values, plotted as lines, and measured.values, in-
dicatéd as diamonds, are given in Fig. 5. Not shown in
Fig. 5 is.2 measured ‘value for TVC, versus TVC, of ap-
proximatcly —3 ppm at 1 Milz.

C. Current Standing Wave Conm'bution

The next contribution to ac-dc différence, like the pre-
vious two, also becomes significant at frequencies above
1 MHz. For this fr;equenqy'region the current across the
thermoelerent heater structure varies significantly due to
the current standing wave in this part of the transmission
line. To determine the value of this effect, two TE’s were
placed in series in a coaxial structure, and relative ac~de
difference determinations were made by first shorting one
end of the structure with the voltage applied-to the other,
and then by interchanging the shorted and input énds. The
schemiatic diagram in Fig. 6 shows a cross section of the
arrangement used for thése meastrements. From trans-
mission line formulas [2]; the current at a pomt x on the
axisin a transmission line-with a short circuit at x = 0'is
given by

I = I, cosh ax

where I, is the current at the short circuit and o
vZ,Y,. Z i$ the series impedance (Z, = R, + jol, ) per
unit length, and Y, is the shunt admittanice (Y, =G, +
JwC,) per nnit Iength This portion of the transmission
line is assumed to be lossless. so G, is taken to bé negli-
gible, By expanding the hyperbohc cosine function, and
notmg that wC,R, << 1 and «’L,C, << 1, the expres-
sion for the magmtude of I, becomes

. ‘ (wC,R.)x* (sz C)x?
1,~1,<1+ 2 3

neglecting higher order terms.
Due to the coaxial geometry of the structure, the msm-
tance values of typlcal thermoelements, and the TE heater

dimensions, (C,R%) << L, for each portion of this part

of the transmission line, 50

L =7(1 - ko¥x?)
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Frg 5. Calculated 'values for seties resistor tmnsxmpcduncc conm'buuon
10 ac-dc difference shown as solid and dashed lines’ for- three palrs of
TVC’s. Measured points shown as diamonds. R R

Fip. 6. Ax ament for i

pa of therr in‘aerica being
sph( cylmd:r . i
where
k-=L—“—2—ﬂ=%“-9 = 0.56 x o2t

forx in cennmeters

“Noté that for the condxtmns giver above, ne ratios. of '
the center conducior diameter to the diameter of tite outer
cylinder cancel out in the expression for k.- LT

- The lengths of thé TE heaters, pr:p; and Ps-p; it Flg '
6, weic nhuu compared to the Igugth of e overdll sgruc-
tute. The -power dissipated in.the heater was, therefore,
taken to be the .current at the . thermocouple posmon
squated, times the heater résistance. Integranon of the.

«current .over the short lcngth of hcntcr yzclds csscntmlly B
thie same numerical results. The power H in a TE at po- .

sition x is:
H=RI? = 'R,,P(l - 2kw2x2)
It'can be shown that the relanve de~de dxfference 3, due

to the current standmg ‘wave for the two thermoelements,r
TE, and TE_,,, in series in the.split’ cylm_de_us

H, — H g
2 o kot (xd - x2).

6, = 2l (3) .
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This analysis assumes « penee short circuit at x = 0. For
both the split cylinder and the TVC structufe, the end
plates were suspected to be: 1mperfect short circuits, The
result of such an‘imperfect short is.an extension in the
effective electrical length I, of the transmission line. The

value for I, can be determined by graphical means or by -

an estimation and iteration method, as was used for this
determination. Using the teasured relative values of ac-
de differerice at 100" MHz for two TE’s in the split cyl-
inder w1th the locations of TE, and TE, as 6.84 cm and
3.38 cm and R = 2.5 cm, the value of I, = 3. 68 cm was
obtained. The effectiveness of this analysxs and the justi-

fication for the use of ‘the same 1, value over the whele -

frequency range may be seen from Fig. 7 which -shows
the méasured-data points (diamonds) and the values pre-
dicted by the: analysis using. 1,35 determined at 100 MHz
(dashed line).

The same type of- expressxon and -the value of /, were
used to relate the power in 2 TE, mounted in a TVC, to
the current flowing out of the seri€s resistor.’ The ac-de
difference contributions of the current standing wave in
the TE were calculated using values for the distance from
the physical end of the cylinder to the TE and to the te--
sistor of 1.27 and 4.19 cm, Tespectively, and are given in
Secnon V1.

v. FREQUENCY RecioN oF 0.1-1 MHz
In the u:gwn of 0.1~1 MHz, the range-independent
contributions to ac-dc difference, namely standing wave
in the conmector and tée structure and current standing
wave in the TE are, as.shown above, quite small and gen-

erally neghglble compared to the random uncertainty. Of

the ‘two remaining range-dependent contributions, the skin
effect and teactance may be considered in terms-of the
trans1mpedancp Z and the de resistance Ry, in the ¢alcu-
lation of ac-de difference §:

5o 12l = Re
Rdc
“where o
2] = (R, + )"
w = Ric + Ry

where R, is the addition to remstance from skin effect. If
X << Ry and Ry << Ry, 6 = $ (X/R,c)? + R ./ Ry (with
}ugher order terms neglected). Converters of different
ranges were constructed-with very. similar geometry from
cylinders and resistors of the same phys:cal size and
shape. Resistors with different values ranging from 110 3
kSt were matched with TE’s of different heater current rat-
ings to form converter modules with voltage ratings of
10-25 V. For a pair of such converters made from similar
.materials and with very similar geometry, but with series
Tesistance values different by more than two to one, the
geometric reactance .and skin effect contributions would
be easily detectable if they were large enough to be sig-
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nificant, but they were observed to be quite small, as.
shown below.

Additional rangc-mdep_endent ac~de difference comntri-
butions may-arise from the thermoelement. Two sources
of ac-dc difference in common were skin effect in the
heater and -dielectric loss in the bead. Intercomparisons
Shewed’ that t'he ac-de diﬁérences of the TE’s as current
the,s,e measurements, a calculatxon of _th,e skin effect ,[2

pp. 30-37] (one possible source of ac-dc difference as a
current converter) for a 100-@ heater [2, pp. 30-37] gave

-a change in-tesistance of 30 ppm at 100 MHz and decreas-

irig at Jower frequenmes proportional to VF. The effect of
dielectric loss in-the bead was tested using two TE’s con-
nected in series in a-single enclosure. By placing a series
resistor between the two heaters- the voltage across one

bead could be varied. This test showed no significant ac-

dc difference contribution due to dielectric loss in the bead
for the TE’s.under study over the.0. 1-100 MHz frequency
range.

To test the relationship-and arguments described above,
three special midrange TVC’s were studied in the voltage
range of 10-25 "V for which thé variations in ac-dc dif-
ference contnbutlons over the 0.1-1- MHz frequency range
should be minimized. The results of i intercomparisons be-
tween pairs of these TVC's at 0.1, 0.2, 0.5, and 1 MHz,
respectively, are given in Table 1. The TVC listed on top
was taken as the test converter in each case. The inter-
comparisons of the three pairs of TVC’s do not sum to
zero around the loop, and the values for these failures to

close the loop are also given in Table I. In conjunction

with comparisons against the National Bureau of Stan-
dards (NBS) low ‘frequency standard thermal voltage con-
verters [4] at 100 kHz, which:are given as the first colurnn
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TABLE 1
AC-DC DisFERENCE INTERCOMPARISONS (PPM), FREQUENCY (MHZz)
o1 Jo.z2 | o5 1
c25-5%k R
N8
Ci0-1k +s % . 43 16
C25-5k
vs
C10~-2%k +5 +2 +7 +8
c10-2% i
- 1 : .
cw-1% | 43 2 of 4
Failure to E .
Close & 2 4 3
, TABLE Il
AssioNED AC-DC DIFFERENCE VALUES (PPM), FREQUENCY (MHZ)
To.t 0.2 | o.s 1
€10-1% | -8 | -8 -8 -8
€10-2k -5 -6 -8 -7
£235-5k -& 2 | -5 -2

in Table TI, these results provide the basis for thc fre-
quency extension of 0.1 to 1 MHz.

Values were assigned to these three special TVC’s by
taking C10-1 k to:be frequency independent, and the re-
sults are given in Table II. Very little change would resnlt
from taking C10-2 k as frequency independent or from
dividing the difference between C10-1 k and C10—2 k.

V. Skin EFFECT .

" For lower voltage range TVC’s having smaller series
. Tesistors, the skin effect may be significant in the 1 MHz
region. As shown in Tefman {2, pp. 30-37], when the
quantity x (proportional to frequency/resxstance) is suffi-
ciently low for a particular set of condmons, then the in-
cicase in resistance duc to skin cffcct is proportional to
the permedbility ( j+) and frequency (f) squared. As the
factor x becomes larger, the increase in resistance due to
skin effect becomes propomonal to ( fir)'/%. The replace-
ment of part of a nonmagnenc structure with a magnenc
to skin effec_t A gioup of special tests was p_erformed to
confirm that the skin effect contribution for;the principal
TVC’s under study was quite small. The effect of mag-
netic leads and feedthroughs on the thermoelement ‘was
determined by comparing a TVC, constructed with a 5-
mATE havmg dumet leads, 10 a reference TVC, and then
carefully replacing the TR by one having nonmagnetic
platinum iridigm leads and feedthroughs. The changes in
ac—dc difference due to magnetic leads on the TE' were
found to be less than 3 ppm fora 10 V TVC with a 2- kQ

series resistor for frequencies of 0.1-1 MHz.
As mentioned above, the series resistors originally had
magnetic end caps and leads which were replaced with

365

TABLE Il
CHANGE IN AC-DC DIFFERENCE (PPM) DUE TO REPLACEMENT OF RESISTOR
END CAPS AND 'LEADS FOR A 10-V TVC wiTH 2-kQ Smmas RESISTOR,

FREQUENCY (MHZ)
T0a 0.2 | -0.3 05 |t omnz
w1 s 6] 8| -0

copper end caps and copper leads. The ongmal and mod-_
ified constructions are shown in Fig. 2. The changes in

ac~de difference which resulted from mplacemant of the

end caps and léads are given in Table TII. These measure-
ments, and the ones described for the magnetic TE leads,
were used to calculate the skin effect magnifude for lower
range TVC’s containing resistors with magnetic end caps
and thermoelements made with’ ‘magnetic dumet leads. The
changes in absolute resistance represented by the ac—dc
differénces assigned to the magnetic matetials were used
w1th the particular range resnstance values to determine
the values reported below in the results séction, -

- At Trequencies above 1 MHz the skin effect contnbu-

. tion for the TVC’s under study becomes less' important

relative to reactive and transmiission line-effects due to the:
( fir)!/*dependence for the former and (.fiz)* dependence
for the latter. Using the method suggested by Huang 151,
coefficients for.the ( fiz)!/? and ¢ fu)” terms were déter-
mined at frequencxes above 1'MHz for particular pairs of
TYC’s made with resistors and thermoelements. contain-
ing some magnetic material. Calculatlons of the coeffi-

«cients using different frequency pairs (e. g 10=50 MHz

10-70-MHz, 10-100 MHz) gave results i agreement to
within 1-2 percent for both the f/? and f* terms, These
coefficients were used to calculate the skin effect cortri-
bution for the C3 and C5 converters given inthe results
section. .

lII ResuLTS
" Each contribution to the overall ac-dc dxﬁ'exence has

‘been determined from calculations and measurements for

scveral TVC's. Tables IV-VII give five cxamples of dic
detailed breakdown for the 'individual- elements, namely
skin effect 6,, transxmpedance of serjes resistor Biry voltage
standmg wave in input connection 5,, and current s;zmd—
ing “wave in thermoelement 8,,,. Note that the TVC's

‘marked C10 and C108B are different from TVC ;. and TVC,
of Flg 5.-The converters labeled C3-and C5 did contain,
resistors with magnetic end caps and leads as well ag- ther-
toelements with magnetic dumet jeads. The charagter-
izations at 1 MHz and below do not rely solely on. the

values of 8, which were determined-as.outlined in the- skm

effect section above. These values of 8, ate included as an
indication” of how well this model dederibes these low
voltage TVC’s in this frequency range and were used. as .
the starting ?omt for high frequency skin eﬁect estlmates .
using the f'/2 relation described above.-

As part of a cooperative effort with G, Rebuldela in the

NBS Electromagnetic Fields Division, Boulder, CO, the-
AaC~de differancag for these and other TVC's were also de-
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‘TABLE VII
AC-DC DXFFERENCE(PERCENT), CONVERTER. CXOB 10V, 2,1-kQ SERIES
Rws-ron
Tz 10 zm; 30 Mz SO KHz | 100 HHz
5 ) 0 +0.001 +0.001 +0.001
Ber ° +0.006 | 40056 48,13 .60
5 o -0.012 | 0.1t -0.30 .18
Savc o -0.0083 | -0.075 -8.2L T -0.83
Calculated
Total & 0 ~0,014 -0.13 -0.36 ~1.61
u.uuz‘my- i
] ~0.001% | -0.052° | -0.13 -0,39 1,61
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. TABLE IV )
AC-DC DIFFERENCE (PERCENT)," CONVERTER C3, 3 V, 500-0 SEries
. _RESISTOR
3 HRz -10- HH: - 30 HHE 50 iz 100 MHz
& 30.006 | s0:009 | 20033 | .04 [ 400061
& o -0.002 8,015 ~0.042 -0,17
fg o -0.012» »D..l], 0.30 ~1.18
Ssur 9 -0.0083 | -0.075 i -0.21 -0.83
_Calculated . ]
Total § 40.006 | -0.003 | -0.17 -0.51 -2.12
Heasuradt | -
§ | wo.v0er | -0.05 | 0.8 0.56 2.3

* 1 tie vajuas magured in tums of TVG's charactacfzad as described in che
L <1 ite sacrlon of this paper:

t 10, 30, 50, nnd 100 MHz values neasured in teras of NBS Boulder calibrated
TGS, . .

‘TABLEV .
AC-DC DIFFERENCE (PERCENT), CONVERTER C3, 5'V, 1000-\ SERIES
RESISTOR
Ttz | 10wme | dome | S0 | 100 Mz
i s0.003 | 400 | s0.019 | s0c02- | a0u03
.6';, 0 -8.003 -0.025 | -0.070 | -0.28
S i1-.0 -8.012. -0.11 -0.30 ~3.18
Sgur ] -0:0083_ =0.075 -0.21 t ,o:aa'
Calcnlated - E R
Total § +0,003 |° .0.012 «0.19 ~0.56 ~2.26
Heasured} | i N )
1 40,002+ -0.051 -0.20 . -0.58 | ~2.52

® § HAz values aeasurad 'in terns of TVC's characcerized ss doscribed in the
0.1 -1 Mir section of .this poper.,

*t 10, 30, 50, and 100 MHz valuszs vea¥uced in term: of NAS Boulder calibrated-
ve's,

TABLE VI .
AC-DC DlFFBzENce (PERCENT), CONVERTER C10, 10V, 2-k© Serigs
: RESISTOR
Tl 10 Mz 30 Mz soMHz | 100 °mHz
s | o001 [ 40,006 | s0.007 | 40008 | an.on2
Sex k) 40,005 | .+0.046 £0.13 10.51
e o |[-c.o2 -0.11 -0.30 1.8
Sgur ’ o | -0.0083) -0.075 -0.21 -0.83
Calculaced i . - .
Total & +0.001 | -0.011 | -0.13 -0.37 1.9
Hessured } f
5 ox | -p.oug. | -026 | -Du40 105

® 1 NHz ‘values neasuted in-teras.of TVC's characterized as described In che
0.1 ~ 1 e geccion of This paper.

t 10, 30, 50, and 100 MHz values ‘measured fn .tetss of NBS Boulder ealtbracod
We's. . .

termined by comparison with converters calibrated at the
'NBS Boulder Laboratories. The Boulder calibrations wete
based on characterizations using 2 bolometer bridge [6]
and later reconfirmed by applied power and input imped-
ance determinations [7]. The uncertainties for the NBS
‘Boulder calibrations were0.1 percent at 10 MHz, 0.2 per-
cent at 30 MHz, and 1 percent at 100 MHz. The results
of these tests are given as the measured values in Tables
IV-VIIL Although the variations at 10 MHz between this

v 1 HHz values mewsured in terms of IVC's characterized as dascribied in the
0.) ~ | NHz saccion of this paper.

10 30 50 and 3100 Az valuss measured in terms of NBS Boulder calibraved

TABLE VI

AC-DC DirrERENCE (PERCENT), CONVERTER.C25, 25 V, 5.6-kQ SERIES
RESISTOR
TMaz | 10wz | Jome [ oMMz | 300 MMz
s ] 40001 | +b.000 | +0.002 | sv.002
§ce | v0.000 | s0.0m | +0.76 +21 8.4
e o ~0.012 -0.11 ~0,30 -1.18
F. o | -o.ou83] -0.075 | -0 0.83
Galeulaged E
Total § | +0.001 +0.065 +0.58 +1.59 *6.39
Measured v .
[ ~0,001# 40,026 +0.56 71,5!_ | -e*6.26

# 1 Hilz values meatured In tevms of TVC's characterized as described in the
0.1+ 1 Mz zaccion of this paer.

1 10, 30, 30, ond 100°Miz.valuen measured in terws of NBS Bouldsr calibzated
“Tocen.

work and the values measured in terms of the NBS Boul-
der calibrations are well within the Boulder uncertainties
given above, further study is planned at this frequency.
The fact that the results show generally excellent agree-
ment between two entirely different methods makes it very
unlikely that any significant contnbuuon to ac~dc differ-
ence has been omitted.

VII. UNCERTAINTY OF CHARACTERIZATION
All of the significant known contributions to overall ac-

. de diifference tor'the particular TVCs under study for this

project are itemized along with estimated uncertainties,
corresponding to one standard deviation, in Table IX. In.
the case of certain ‘items, namely range Tesistor trans-

‘impedance, current standing wave in TE, and the voltage
standing wave ‘in-the connector and tee, the uncertainty

was ‘estimated from the comparison of calculated and
measured values. Significant to the estimation of the un-
certainty for the current standing wave contribution was
the high sensitivity of this effect to dimensjonal measure-
ments required in the determination of /,, and subse-
quently 8. The comparison system uncertainty was s
timated from repeatability of results after making

‘variations to the physical arrangements. The uncertainty
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TABLE iX
TUNCERTAINTY ESTIMATES (PPM)
s1 MHz |10 M8z } 30 MMz | 100 MHz
Thermoalement o i
as current convartar 3 10 ap 300
4 Transimpedance
of war{es zesistor 1 5 15 50 500
Curxent standing
wave in thermoslenant 8 30 100 ta0p
GComparison process
| svandexd deviacien £ 10 0 20
Comparator systen
unceresinty 3 10 30 100
‘Tee and conmsctor
standing wava 3 13 50 500
Copnector
reproducibility 3 10 30 300
Skin Effeec 3 .10 20 40
100 ke dateraination 7 7 7 7
Squars Toot -of
4 the aus of ths k .
SQUATES H 13 1 46 135 1301
1 Batimsted uncercaincy
corrasponding to cne .
standard deviacian 20 88 300 2000

of the TE as a current converter was based on the repro-
ducibility of the mounting for the tests, The skin effect
uncertainty estimate was based on calculated and mea-
sured values, and the connector defect contribution was
determined from tee inversions and repeated plugging and
unplugging. The estimated uncertainties were combined
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by the square ropt.of the sum of the squares (RSS) method.
These RSS valuee and the estimated overall uncertainties,
corresponding to the one standard deviation confidence
level, are given at the bottom of the Table IX. .
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