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RF-DC Differences of Thennal Voltage Converters
Arising from Input Connectors

De-Xiang Huang, Joseph R. Kinard, SeniorMember,IEEE, and Gregorio Rebuldela

Abstract-The RF-dc differences of thermal voltage converters
(TVC's) caused by skin effect and transmission-line effects of different
length input structures have been studied. Some discrepancies do exist
between simple mathematical models and measured results for com-
monly used input connectors. This paper reports a study of these dis-
crepancies and some worst-case results of changes in RF-dc difference
due to connection and disconnection of TVC's.

I. INTRODUCTION

MEASUREMENT errors may occur when different input
connector configurations are used for high-frequency

voltage measurement. Sometimes it is necessary to account for
variations in the input structure, for example, between the test
configuration at the time of calibration and at the time of use.
It is, therefore, desirable to study the variations and estimate
the magnitudes of the differences. Formul~s do exist which can
be used to calculate the skin effect and transmission-line effect,
but the practical situations are generally more complicated. In
this study, these effects have been investigated by insening
50-0 matched impedance air transmission lines of different
lengths between the plane of reference and the thermal voltage
convener (TVC).

II. SKIN EFFECT

The RF-dc difference, d, of a TVC may be defined by

d = 2VRF - I
IV +de I + IV -de I

where VRF, V+de' and V-de are the magnitudes of the RF, dc
plus, and dc minus voltages required to produce the same output
from the convener thermoelement. The RF-dc difference con-

tribution caused by the skin effect of the input connector and
related input transmission line, e.g., a coaxial tee or adaptor,
is positive and increasing with increasing frequency. Some-
times the skin effect contribution is not easily observed, either
because it is small in absolute value due to the presence of a
large input resistance, or because it is small in a relative sense
due to the existence of large RF-dc differences caused by the
transmission-line effects. The skin effect can be directly ob-
served in low-voltage range TVC's around I MHz. The RF-dc
difference contribution (ds) caused by the skin effect can be
calculated by (I):

d _ (RRF - Rd)s -
Rin
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where RRFand Rd are, respectively, the RF and dc resistance of
the input structure, i.e., connector and line, and Rin is the input
resistance of the TVC as measured from the reference plane. In
the frequency range where skin effect is most significant, from
about 100 kHz to a few megahenz, a dc measurement of Rin is
suitable because at these frequencies ZL = Rin.ZL is the input
impedance of the TVC.

To calculate the RF resistance per unit length, RRF(in 0/ m)
for coaxial structures at 1 MHz and above, Stratton's equation
can be used [I]:

RRF = 22.2Jj(~ + .JP;J1.,,) (2)

where

a outer diameter of inner conductor in meters,
b inner diameter of outer conductor in meters,
f frequency in henz,
Pi resistivity of inner conductor in ohm meters,
P" resistivity of outer conductor in ohm meters,
J1.i magnetic permeability of inner conductor in henry per

meter,
J1.o magnetic permeability of outer conductor in henry per

meter.

The calculated results of RF resistance of precision, coaxial,
air-dielectric transmission lines at I MHz and above are shown

in the graphs in [1]. Below 1 MHz, RRFis related to the thick-
ness of the air line as shown in the graph of resistance ratio
Rae/ Rde in the "Radio Engineer's Handbook" [2] which has
been used in the calculations. Equation (2) can still be used to
approximate the RF resistance between 100 kHz and 1 MHz.
Thus, the RF-dc difference caused by the skin effect of the con-
nector and air line can be obtained from (I), and it is propor-
tional to the length of the connector and line. Above 2 MHz,
for the tubular coaxial connectors and lines, the RF resistance
is much greater than the dc resistance. The RF-dc difference,
ds, is then approximately proponional to Jj and can be ex-
pressed as [3]:

ds = A Jj (3)

( I )
where A is relatively constant, and its value may differ between
theory and practice, and depends on workmanship and mate-
rials.

RF-DC difference changes predicted from (I) for the inser-
tion of a 10- or 20-cm, 50-ohm air line between a TVC and the
plane of reference were calculated. There were significant dif-
ferences between the measured and calculated values and some

results for 0.5- V and I-V TVC's are given in Table I. The stan-
dard deviations were less than 3 ppm up to I MHz and 5 ppm
at 3 MHz. (The experimental data in parentheses in Table I also

U.S. Government work not protected by U.S. Copyright



HUANG el al.: RF-DC DIFFERENCES OF THERMAL VOLTAGE CONVERTERS

include the transmission-line effect which was determined from

the 100-MHz values in Table III extrapolated to lower frequen-
cies using the frequency-squared relationship.)

Tests were also made on a 0.3-V TVC with 30-0 input resis-
tance. Using two type 874. tees with the same length, but with
different wall thicknesses and materials, the measured RF-dc
differences for this TVC are different even at a few tens of
kilohertz. The results are shown in Table II. For another TVC
with 90-0 input resistance and 0.5 V applied, the difference
between these two tees was 16 ppm at 500 kHz, and 37 ppm at
1 MHz.

The measured RF-dc differences are larger than the theoret-
ical values. Some possible causes for these differences, which
arise from the construction of the connectors and air lines, are
variations in conductor surface conditions, purity of conductor
material, the presence of some unaccounted-for permeable ma-
terial, and frequency dependent contact resistance between parts
of the air line structure [4).

III. TRANSMISSION-LINEEFFECTS

A. Fundamental Relations

From basic transmission-line equations, the voltage relation-
ships between points p and q in Fig. 1 can be expressed ap-
proximately as

Up = Uqcosh "I I + IqZcsinh"I I

Uq

lq = ZL'

Therefore

( Zc. )Up = Uq cosh "II + ZL smh "II
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B
Zc Zl

r1t-L~~
p 1 .q

p = center of tee and plane of reference
q = front end of resistor

Fig. 1. Connectiondiagramof twoTVC's showinginsened air line.

where

Zc characteristic impedance of the line,
ZL input impedance of the TVC,
"I propagation constant of the line,
I length shown in Fig. 1,
Up voltage phasor at the plane of reference in the center of

the tee,
Uq voltage phasor at the front end of the TVC resistor.

This equation is widely used in RF voltage measurements.
For a loss less transmission line, with

"I = jwJLC and Zc ==$
where

L inductance per unit length of the line,
C capacitance per unit length of the line,

the voltage ratio becomes

Uq 1

Up cos (JLC wI) + j ~: sin (JiC wi)'

The RF-dc differences (d,) arising from transmission-line ef-
fects can be expressed approximately by

(5)

(4)
I

Up

I

1 2 2

1

Z~
I

d = - - 1 == - - LCw I 1 - -
, Uq 2 Zz .

(6)

TABLE I
CALCULATED AND MEASURED TRANSFER DIFFERENCES (IN ppm) FOR SKIN EFFECT CONTRIBUTIONTO RF-DC DIFFERENCES

100kHz 200 kHz 500 kHz 1 MHz 3 MHz
TVC Length

Range of Line Cal Meas* Cal Meas Cal Meas Cal Meas Cal Meas

1.0 V IOcm 63 166 122 338
500 (165) (328)

20cm 126 208 244 393
(207) (384)

0.5 V IOcm 5 12 II 20 22 40 35 73 68 153
900 (12) (20) (40) (71) (139)

20cm II 22 22 45 44 79 70 128 135 266
(22) (45) (77) (122) (209)

1.0 V 10 cm 2 4 5 9 10 19 16 31 31 66
2000 (4) (9) (18) (25) (16)

20cm 5 '10 10 22 20 37 32 51 61 86
(10) (21) (33) (37) (-43)

*Measured values in parentheses include transmission line effect.

TABLE II
VARIATIONIN RF-DC DIFFERENCEBETWEENTwo NOMINALLY

IDENTICALTEESFORA 30-0 TVC

Freq. 20 kHz 50 kHz 100 kHz

d (ppm) 7 II 19
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TABLE IV
CALCULATED CHANGE IN RF-DC DIFFERENCES RESULTING FROMTHE INSERTIONOF 10- AND 20-cm

AIR LINES

d is the transmission line expression for RF-dc difference.
tl.d is the change in RF-dc difference due to air line insertion.
I and Ii are as shown in Fig. I.

B. The Influence of ZL

Equation (6) shows that, for the same connector, the RF-dc
difference is a function of the input impedance of the TVC. For
simply constructed TVC's, the change in RF-dc difference for
the same change in length of the input line increases as the input
impedance of the TVC increases. This trend continues with in-
creasing input impedance until the impedance is larger than
about 200 O. Above this value, the effect due to changes in
input line length remains relatively constant. Table III shows
this relationship going from C-0.5V to the group of TVC's la-
beled H-IV, C-2V, and C-12.5V. TVC's A-5V and C-50V,
which have internal shields and larger input capacitances, will
be discussed later.

Input impedance, ZL' is a function of frequency and the con-
struction of the TVC. For TVC's with no internal shield and

having range re~istors of 200-400 0, the input impedances have
been measured from I to 100 MHz and found to be slowly de-
creasing. This is in contrast to theoretical calculations given in
[5] for simple resistors which show ZL increasing with fre-
quency for values below 300 O. However, measurements on a
particular TVC with a complicated internal structure gave a ra-
tio of dc resistance to ZL at 100 MHz of nearly 10: I. f}eter-
mination of the value of ZL may, therefore, require a direct
measurement.

C. Calculation of Transmission-Line Effect

When (Zd2 » (Zd2, the first-order approximation for the
RF-dc difference contribution from the transmission line is

d, = -! LCl2w2 = -B12f2

where B is 27r2LC. Therefore the changes in RF-dc differences
caused by the transmission-line effect are proportional to 12and
f2. In Table III it can be seen that t::.dis approximately propor-
tional to f2 when input resistance is 200 0 or greater. The skin
effect can usually be neglected for these input resistance ranges.
For a coaxial line: L = 2 x 10-7 In (b / a) in henries per meter,
C = I/L8 X 1010In (b/a) in farads per meter,

d = 2.19 X 1O-2°12f2 (with I in cm) (7)

Quantities a and b are the same as in (2). The calculated results
are shown in Table IV.

D. Determination of Equivalent Line Length

As shown in Tables III and IV, the theoretical values for t::.d
are close to, but slightly less than, the experimental results for
the I-V and 12.5-V ranges. One way to describe the difference
between theoretical and measured values is in terms of an

equivalent electrical length which is longer than the physical
length.

TABLE III
MEASURED CHANGES IN RF-DC DIFFERENCE(%) RESULTING FROMTHE INSERTION OF

10- AND20-cm AIR LINES

IOcm 20 cm

TVC 30 MHz 50 MHz 100 MHz 30 MHz 50 MHz 100 MHz

HIV
-0.31 -0.88 -0.56 -0.73500

AO.5V -0.09 -0.30 - 1.56 -0.44 - 1.36 -6.17900

CO.5V -0.075 -0.28 - 1.52 -0.37 -1.27 -6.14900
-
HIV -0.49 -1.37 -5.48 - 1.34 -3.71 -14.22000

C2V
-0.51 -1.46 -5.73 -1.43 -4.06 -15.93600

C 12.5V -0.52 -1.44 -5.68 -1.43 -3.88
2.7 kO
-
A5V -0.77 -2.14 -8.61 -1.94 -5.42 -21.8I kO

C 50 V -1.01 -2.83 -10.83 -2.44 -6.64 -23.675 kO

ild ild ild

Ii (cm) I (cm) d ild 30 MHz 50 MHz 100 MHz

0 7.4 -1.18 x 1O-18j2 0 0 0 0
10 17.4 -6.59 x 1O-18j2 -5.41 X 1O-18j2 -0.49% - 1.35% -5.41%
20 27.4 -16.4 x 1O-18j2 -15.22 X 10-18/2 - 1.37% -3.81% -15.22%
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The equivalent electrical length was calculated by relating
the measured changes in the RF-dc difference when two air lines
of known length (I. = 10 cm and 12 = 20 cm) were inserted
between the TVC and the plane of reference. Using the notation
in Fig. 1,

where do( f) is the RF-dc difference of the TVC with I = 0

tld. = dll - dlO = - B(li + 2/./0)/2

tld2 = dn. - dlO= - B(l~ + 2/2/0)f2.

Therefore

tld2 I~ + 2/2/0- = 2 = m
tld. I. + 2/./0

12 - m/i
2 .

10 = 2(ml. - 12)

The quantities I., d., 12,d2 were measured and 10was calcu-
lated from (8). The method of inserting first the 10 cm and then
the 20 cm lines allows the user to determine the effective elec-- --

tricallength. Note that the B term which contains LC drops out.
For TVC's constructed of only a resistor and a thermoelement,
the values for 10obtained this way were about 2 cm longer than
the physical lengths. Two of the TVC's studied, A-5V and C-
50V, contained shield structures inside the outer grounded cyl-
inder. For these converters, 10was found to be longer by as
much as 6-11 cm than the physical length. The results for a A-
5V and C-50V given in Table III show this longer apparent
length. For some shield structures, an effect like that of an in-
ternal transmission line may produce voltages even higher than
those at the input connector. The observations that the physi-
cally measured lengths and the experimentally determined val-
ues are different may be described in terms of equivalent
electrical lengths, which are longer than the physical lengths.
These measurements show that to calculate the effect on RF-dc
difference caused by varying the input line length by using con-
nector adapters or otherwise moving the plane of reference re-
quires knowledge of the equivalent 10'

IV. COMBINED RESULTS

The combined effects of skin effect and the transmission line

have been studied, in part, by the fitting of data to equations of
the form

d = ds + d, = AJj- BI2f2

containing square root of frequency and frequency squared as
described in [3]. Some results showing both contributions to
RF-dc difference are given in Fig. 2. The plot shows the change
in RF-dc difference resulting from the insertion of a 10-cm air
line. The positive slope at the lower frequencies is due to the
skin effect contribution, and the negative slope at higher fre-
quencies results from the transmission-line effect.

V. INFLUENCEOF THE IMPEDANCEOF THE REFERENCE
TVC

Generally, the input impedance of the reference TVC has no
significant effect on the test TVC and its input transmission line

(8)

Fig. 2. Change in RF-dc difference for a O.5-V TVC resulting from the
insertion of a to-cm air line. Data points represented by X's. Continuous
curve generated by nonlinear fit to all data given in Fig. 2(a)-(b). Fig. 2(b)
is the low frequency part of the whole curve.

characteristics. However, experiments made for this study do
show a small effect at frequencies around 70-100 MHz. The
results are shown in Table V. Reflected signals are a likely cause
for this variation.

VI. REPEATABILITYOF SPECIFIC CONNECTORS

During the calibration and measurement process, different
tees and different locations on the same tee may be reconnected
several times. Previously, tests were made on the repeatability
of RF-dc difference after careful disconnection and reconnec-

tion [6]. Some additional data regarding the repeatability of such
reconnections have been taken as part of this study. Although
by no means exhaustive, the results indicate how large the worst
case changes may be.

Each time a connection is made, there may be small differ-
ences of position and contact characteristics. Three type 874
tees and one type BNC tee which had been in use for many years
were randomly chosen and connected without cleaning. The re-
sults, with standard deviations of about 10 ppm, were measured
in three trials and are shown in Fig. 3. Generally the range of
variation increases with the measurement frequency and age of
the connector, and decreases with the input resistance of the
TVC.

I = 10= I, + Ie dlO = - BIlf2 + do(f)

I = 10+ I. dll = - B(lo + 1.)2f2 + do(f)

I = 10+ 12 dn. = - B(lo + 12)2f2 + do(f)
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Fig. 3. Worst case variations in RF-dc differences caused by connection
and disconnection. Plots (a)-(d) give data for type 874 connectors and tees.
Plots (e) and (f) show a limited sample of data for type BNC connectors
and tees.
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TABLE V
INFLUENCEOFTHEREFERENCETVC IMPEDANCE

Length of
Air Line Test Reference
Inserted TVC TVC 30 MHz 50 MHz 70 MHz 100 MHz

10 cm HIV C 0.5V 90 0 -0.466% -1.326% -2.607% -5.277%
200 0 C IV 1840 -0.485% -1.366% -2.684% -5.476%

IOcm C 12.5V Pt IOV I kO -0.515% - 1.438 % -5.677%
2.7 kO C 20V 2 kO -0.510% -1.430% -5.744%

20cm H IV C O.5V 90 0 -1.341 % -3.724% -7.210% -14.17%
200 0 C IV 1840 - 1.342 % -3.711 % -7.236% -14.24%
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VII. CONCLUSION

As predicted from theoretical calculations, skin effect in the
input connection structure has been observed to be significant
for TVC's with lower input resistances at frequencies around I
MHz. However, experimental results differ from calculated val-
ues under some conditions. When the input resistance of the
TVC is larger and the frequency is higher, the transmission-line
effect is more important. The experimental results differ from
calculated values for this effect due to differences between

physical and apparent electrical lengths. For high-accuracy
measurements, it is highly desirable to reduce the differences in
the lengths and in variations of connector types as much as prac-
tical. Standardized dimensions and lengths for tees would be
desirable for various connector types and RF probes.
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