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A standard of voltages and currents for lumped-constant, coaxial, and other circuits operating in
the TEM mode has been developed. Its approximate potential ranges are 1 MHz to 20 GHz in frequency,
0.05 to 10 volts, and 5 microamperes to 10 amperes. The principle may be used with bolometric, ther-
moelectric, photoelectric or other sensing elements consisting of thin film conducting or semiconduct-
ing disks located in the transverse plane of the TEM mode. Application and advantages are described
and a comprehensive error analysis is presented. Figures illustrating construction details of one of

the models of the Bolovac are included.
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1. Introduction

The first National Bureau of Standards (NBS) equip-
ment to standardize sinusoidal voltages at frequencies
up to 1 GHz employed a two-thermistor-bead bolometer
head of special design. It was developed at the NBS
[1] ' in the middle forties and was reproduced in other
laboratories in the USA and abroad. A dynamometer
type standard for rf current was also developed at
the NBS; its principle and theory was analyzed [2]
and an experimental model was built years ago. The
construction of an improved instrument was recently
completed [3]; a similar instrument, based on the same
principles, was also built and put into operation in
Japan.

The original NBS voltage standard has a frequency
range of about 1 to 1000 MHz, a voltage range of about
20 mV to 1.5 V, and an approximate range of uncer-
tainties of 0.3 to 2 percent. The rf current standard
has a frequency range of about 1 to 1000 MHz, a
current range of about 0.5 to 100 A, and a range of
uncertainties of 0.3 to 1 percent.

A new type bolometer head was developed at the
NBS within the last several years for both voltage and
current standardization having a considerably higher
upper frequency and wider dynamic ranges at accura-
cies equal and potentially exceeding those above.
This head will be described here and will be referred
to as the ‘“Bolometric Voltage and Current Stand-
ardization Head” or “‘Bolovac” for brevity. The basic
principle and potential capabilities of the Bolovac
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will be discussed here in the front sections. The fol-
lowing sections will indicate the critical elements of
the device and the results obtained with the first
models. The error analyses in this paper are generally
limited to first order errors and uncertainties; higher
order uncertainties are reserved for future analytical
study and experimental verifications employing im-
proved structural features of the Bolovac. Sources
of overlooked uncertainties and possible means of
their determination or elimination will be briefly dis-
cussed in the appropriate sections.

The Bolovac may be described as a source of known
voltage and a sink of a known amount of current. It
employs a disk-type bolometer split along one of its
diameters and placed in a cylindrical coaxial line. It
presently has a frequency range up to 10 GHz, a voltage
range of about 0.1 to 5 V and a current range of about
5 to 200 mA. Its potential frequency and dynamic
ranges are much wider; e.g., it can be used to 20 GHz
and higher, to 10 V and to 10 A or higher depending
partly on frequency. The principal advantages of the
Bolovac are listed below and its limitations are dis-
cussed and analyzed later in the text.

The principal advantages of the Bolovac are as
follows:

It serves as a standard of both voltage and current.

It has the widest frequency range of any standard of
its kind known to date.

It employs a new type bolometer, namely, a split
disk or disk sectors; other types, e.g., solid disks,
barretters and semiconductors may also be employed
for certain frequency and dynamic ranges. The disk
may be made of metal, metal oxide, or carbon, depend-



ing upon the frequency range and accuracy desired.
It may be a thin film deposited on a substrate or a
relatively thick conducting disk supported by a sub-
strate. These disks have a wider range of resistance
(fractions of an ohm to 1,000 Q or higher) than the
present day high-frequency thermistors (having an
approximate range of 5 to 100 (2). The disks generally
have positive temperature coefficients of resistivity
as against generally negative ones for thermistors; this
reduces the danger of overloading the bolometers in
the absence of current-limiting impedances in the
biasing and rf sources. Because the rf impedance of
these disks is essentially equal to their d-c resistance
over a wide frequency range, the Bolovac assembly
may be used for some pulsed voltage and current
measurements, e.g., as bolometric detectors.

It has potentially wider voltage and current ranges
than the previous standards; its ability to measure
currents down to 5 mA or lower with the accuracies
indicated is of particular importance in view of
present needs.

It provides a tool to measure microwave power
transmitted down a uniform line with a potential ac-
curacy comparable to the best present calorimetric
techniques.

It eliminates the tedious and expensive thermistor
matching problem required with the previous standard
head. Thermistors must be matched with rf applied;
the Bolovac disk sections are matched only at d-c.

It is relatively simple in construction, much more
rugged, and more reliable than thermistors. It may be
used with a number of types of available bolometer
bridges and d-c or low frequency measuring instru-
mentation depending upon the desired accuracies.

The principle and construction can be used directly
in ammeters, e.g., for measuring base currents in
vertical antennas, etc. The split disk type Bolovac
retains the advantage of the two-thermistor mount in
that it eliminates measurement errors associated with
single thermistor mounts; the latter require stubs or
other equivalent isolation components in the d-c or
audio biasing circuitry.

It is relatively simple to operate and maintain (by
comparison, for example, with a dynamometer type
instrument requiring nonvibrating supports and fine
suspensions, or with mounts employing fragile thermis-
tor beads with their 1-mil diam leads).

2. Principle and Analysis

Consider a conductive-film disk placed in a plane
perpendicular to the axis of a uniform cylindrical
coaxial lossless line energized by a source as illustrated
in figure la. It will be shown below that, when the film
thickness is smaller than one-fifteenth of the depth of
the current penetration for the material, the equivalent
circuit of the disk and the line for all practical purposes
is that shown in figure 1b. In 1b V), is the rf voltage
across the disk and is equal to the product of the d-c
resistance of the disk and the rf current through it.
The disk impedance may be made essentially equal to
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its d-c resistance for frequencies to 20 GHz and higher.
Here V, is detected and measured employing the
well-known bolometric technique; other techniques,
e.g., thermoelectric or photoelectric techniques may
also be used for this purpose. If we employ the bolo-
metric technique, we measure the rf power dissipated
in the disk and we can compute the rf voltage across
it at the frequencies in question and with accuracies
approaching those of d-c measurements. For an as-
sumed, unperturbed TEM field in the line at R, the
measurement of ¥, is not affected by any other combi-
nations of network elements shunting R,; one of these
elements may be the imput impedance of a voltmeter
under calibration. The rf current through the disk, I,
is measured by making Z, much higher than R,, in
which case the transmission line current, I;, approaches
the value of I,, as Z, approaches infinity.

The disk may be considered a coaxial-line section
of length d and characteristic impedance
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where mp is the intrinsic impedance of the metallic
or semiconducting medium having a permittivity €,
permeability wm, and conductivity o; ri and r» are
the respective large and small radii of the line
conductors.
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FIGURE 1. (a) Conductive-film disk placed in plane perpendicular
to air-dielectric cylindrical coaxial line; d <r.; we <o, (b)
equivalent circuit of la for skin depth &, = 15d.



because we,, (which has a value of 1.1 mhos per meter
at 20 GHz for copper for example) is negligible com-
pared with o, (5.8 X 107 mhos per meter).

Therefore

The d-c resistance of the disk is given by
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and the depth of current penetration into the solid
metal of the film at a frequency f, is
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Substituting (5) and (6) into (4),
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From transmission line theory the output voltage, Vi,
of the disk line section having a characteristic imped-
ance of Z,,, is the product of the transfer impedance Z,
and the input current [;:
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Making use of available tables [6] one can show that for
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values of — =< 0.07 we have in the worst case

8"1

(1+J)81 0.1 /45°,

sinh (0.1 /45°)

0.1 /85° —=— = 1.00000 /0.096°

Cosh (0.1 /45°) =1.00001 /0.287°
Whence

Z= [Z (1.00001 /0.3° 3°)+ (1 00000 /0. 1°)]
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Thus we see that for a ratio of 81—0 07 one of the

components of Z; will change in magnitude in terms of
7 by about 0.001 percent and will be shifted by 0.3°

in phase; the other component will remain essentially
the same in magnitude and will be shifted in phase by
0.1°. These phase shifts are sufficiently small to be
neglected; the magnitudes will be in error by less than
0.01 percent if we accept the value R, to be as shown
in figure 1b, i.e.,

]—1

This indicates that the film need not be thinner
than about one-fifteenth of the skin depth of the given
metal at the maximum frequency of interest for a
possible error of 0.01 percent from this cause. It will
be shown below that in all practical cases this may
be accomplished with a reasonable safety factor.

It also follows from (10) or from the equivalent cir-
cuit of figure 1b that
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A high Z, may be obtained by effectively terminating
the line in a quarter wave section or in a parallel
resonant L.C circuit properly placed in the circuit.

One could arrive at eq (10) by simply showing that
the disk impedance is resistive for d < 0.075,,; how-
ever, the more rigorous approach eliminates the
question of the possible effect of the metal disk upon
the TEM field distribution at the boundary planes of
the air and metallic disk. It is not immediately apparent
that the presence of the metallic disk will not perturb
the radial electric field lines; one might be concerned
with the capacity effect between the individual ele-
ments of the resistive disk and between each element
of the disk and the transmission line conductors.
One might also question the perturbation effect of
the disk upon the concentric magnetic field lines be-
cause each element of the disk has its own external
inductance.

The configuration of figure la can be treated as a
composite of three cascaded transmission line sec-
tions of uniform diameters and infinite-conductivity
conductors. This case has been analyzed in text-
books [7]. Results show that for coaxial-line inner
and outer radii, a and b, essentially no energy will be
propagated along the line at modes other than the
TEM at wavelength smaller than

A=7w(b+a).

This approximate formula gives the critical frequency
to within 8 percent. Furthermore, no higher modes
can be produced by the presence of the film and sub-
strate of the disk from the present TEM field; there
aré no longitudinal components of the electric and
magnetic fields and the presence of the disk (the



Z,,, section) does not introduce capacitive or inductive

components into the system (except of those of its
intrinsic characteristic impedance). This may not be
the case when there are step discontinuities at the
interfaces because of line diameter changes; the effect
in this latter case will be discussed further on.

One may also heuristically show that the presence
of the disk will not distort the field. This effect is
negligible because of the circular and axial symmetry
of the structure. For each electric and magnetic field
line contributed by a given element of the disk, there
is an equal and opposite field line contributed by an-
other element located diametrically opposite the first,
and the two cancel each other [8]. The effect of the
substrate (insulator) upon which the metal film is
deposited will also be discussed later on.

3. Description of the Bolovac

The heart of the Bolovac is a conductive bolometric
film deposited on one face of an insulating disk (sub-
strate). The film is split along one of the disk diam-
eters, thus forming two bolometer elements of approxi-
mately semicircular or disk sector shapes. This disk
is mounted in a specially constructed assembly
permitting the following electrical connections:
(1) the two bolometers are connected in series for
the biasing energy and in parallel for the rf energy;
(2) the plane where the standardizing rf voltage ap-
pears is located essentially at the input plane of the
rf voltage indicating device being calibrated; (3) the
plane through which the rf standardizing current is
flowing is located essentially at the output plane of
the current indicating device being calibrated. The
distances from the rf-voltage or rf-current reference
planes to the reference planes of the devices being
calibrated is of the order of 1 to 2 mils. This distance
is the thickness of the dielectric required to form a
capacitance to isolate the biasing from the rf powers
entering the Bolovac. Details of the disk and Bolovac
assembly are shown in the figures below. The term
“disk’ below applies to the finished unit.

In principle the disk need not be split and the
Bolovac may indeed be constructed with nonsplit
disks. The relative advantages of splitting the disk
are as follows. When bolometry is used, one generally
needs to supply biasing power to the bolometer.
Splitting the disk (dual element) eliminates the need
of rf chokes or coaxial stubs required for a d-c return
path. The d-c resistance of the chokes interferes with
the precision and convenience of bridge operations.
Stubs have to be tuned and require capacitors at the
“shorted” end. Biasing currents should generally
not be allowed in the rf current meters under calibra-
tion. Splitting the disk makes this possible. In case
of the Bolovac, splitting the disk improves the bridge
sensitivity generally by a factor of four. When the
thermoelectric or photoelectric principle is used, gen-
erally no biasing power is needed, and solid disks
may be preferable; however, the applications of these
principles may introduce other difficulties partic-

ularly in the choice of materials and fabrication of
the disks.

Figure 2a shows the basic circuit of the Bolovac
applied for rf voltage standardization, one of the
possible biasing arrangements (in this case a d-c
source) and a symmetrical measuring bridge. The
analysis and computation are identical to those pre-
sented for the voltage standardization bridge employing
thermistors [1].

The voltage, V', applied to the unknown being cali-
brated is given for the symmetrical bridge by

Ry

VrFm[(Vm

—Vr1) (2Vo—=Vre — Vi) ]2
(12)

Here Vg, and Vg are the respective voltage drops
across the adjustable resistance in series with the d-c
source before and after rf power is applied to the
Bolovac with the bridge balanced in both cases. Ry
and R, are the respective Bolovac and bridge arm
resistances as shown in figure 2a.

Figure 2b shows a schematic of the circuit arrange-
ment with the Bolovac used for current standardiza-
tion. The basic difference between figures 2a and 2b
is that in 2a the standard V' is obtained at the output
terminals of the Bolovac, whereas in 2b the standard
current, I, is obtained at the input terminals to the
Bolovac. The schematic shows a thermoelement being
calibrated in terms of the rf current entering the
Bolovac. A constant-current d-c biasing source is
shown in this case [9] and [ is given for a symmetri-
cal bridge by

Ly=12I; 1 4eo — I2]VV2. (13)
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FIGURE 2. Schematic diagram showing the applications of the
Bolovac for (a) voltage standardization, and (b) current standard-
ization.
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Here I4, is the d-c biasing current in the bridge at
initial balance (without rf) for I;=zero, and I is the
amount by which the I, was reduced for final balance
(with rf) with switch S closed.

In both voltage and current cases it is assumed
that the two sections of the Bolovac disk have been
adjusted for equal resistance. Correction factors may
be used if these resistances are not exactly alike;
it will be shown later that this requirement is not
critical. It is, of course, apparent that either of the two
shown and other biasing arrangements may be used
for both

Figure 3 shows the top view and cross section of a
Bolovac disk. The substrate of the disk may be made
of any suitable insulating material such as quartz,
Pyrex, or high thermal-conductivity ceramic (to
allow higher current carrying capacity for the con-
ducting film). Electrodes may be fired or evaporated
on the cylindrical surfaces and, if necessary, at
their rims to make sure of good contact with the con-
ductors of the coaxial line system. A thin conducting
film is then deposited on one of the flat surfaces. The
radial gaps between the two halves of the circular
film may be produced by a mask during evaporation
or by removing parts of the film after evaporation. The
gaps extend to the center electrode ring interconnect-
ing these halves of the film in series for the biasing
current and in parallel for the rf current as was
pointed out above. As stated before, the film may
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rf voltage and current standardization.

Bolovac bolometric disk (a) cross-section, (b) top view,

be made of noble metals, chromium, nickel, tantalum,
metal oxides, or carbon, etc. The width of the an-
nulus of the film should, as closely as possible, be
equal to the spacing between the coaxial conductors
to reduce step discontinuities to a minimum. One
must be cautious with some materials for the films
to make certain the capacities between the particles
(sometimes referred to as the “Boella” effect) will
not introduce a reactive component even with sufh-
ciently thin films. It may, however, be possible to de-
termine by measurement the departure of the value
of rf resistance of the bolometer elements from their
d-¢ values and introduce an appropriate correction in
the computed values of the voltages or currents.
The art of film and electrode deposition and of disk
substrate fabrication has recently attained a degree
of perfection sufficient for the objectives in question
here. A brief appraisal of the limitations and likely
errors from disk fabrication imperfections is given in
the appendix. The first disks for the Bolovac were
made at the NBS. The substrates were cut in the
instrument shops and the electrodes and films were
deposited employing sputtering or evaporation and
firing. The most stable NBS disks to date had plati-
num films with power resistivity constants of the order
of two ohms per watt. Parameters of the disk and their
correlation to the performance results will be dis-
cussed in the section on error analysis.

The Bolovac consists of a core and an auxiliary rf
bypassing capacitor when needed. The core has two
disk-supporting semicircular or rectangular metal
plates sandwiched between two other ‘“ground”
metal plates. Figures 4, 5, and 6 show the details of
the core and capacitor ring assembly and are self-
explanatory. The bolometer disk is clamped, soldered,
or cemented between two half disks forming an ex-
tension of the biasing electrodes; the clamping may
be accomplished by means of plastic or insulated
steel bolts. The insulation between the outside
“ground” plates and the inside composite plate is
the dielectric of the rf bypassing capacitors C, shown
in figure 2; the outer plates are thus the common
ground of the system for the rf power. Referring
ito figure 4a the rf power is fed into the bottom plate
and the standardizing voltage appears in the plane A
of the bolometric film. The input plane to the volt-
meter under calibration is in plane A’ a specified
distance of 1 to 2 mils away from A. It is, therefore,
imperative to design the disk pin and plate receptacle
dimensions to maintain this spacing between the two
planes, particularly for frequencies of 1 GHz and
higher. With the quality of rf connectors continu-
ously improving, and especially with the new pre-
cision sexless connectors currently being standardized,
this requirement should not present any serious
problems.

Again, referring to figure 4a, for current standardiza-
tion, the top plate of the core may be replaced by an-
other plate incorporating the enclosure for the cur-
rent-measuring device to be calibrated. Or an adapter
may be built to enable the connection of such a housing
without removing the entire top plate; an example

65



ONE OF TWO BIASING
INPUT TERMINALS RESIDUAL

FROM BRIDGE €F VOLTAGE
\ DA, B [ counEcTOR
i \
TOP CORE PLATE N
FOR VOLTAGE “ e
MEASUREMENT PLANE A
\ P T s
Ny AT 21
1 N
PLANE A
4 i J

ENCLOSURE OF
THERUOELEMENT

ToP CORE PLATE
FoZ CURFRENT
MEASUREMENT 285

PLANE (A — — s
777N )
ESE S

\_Tumua STUB

(b

FIGURE 4. Structural components of the Bolovac; (a) core cross
section for voltage measurement, (b) core cross section for current
measurement.

of such an adapter is shown in figure 4b. The top plate
with one kind of an enclosure for a certain type of
thermoelement is shown in this figure. The rf current
enters the core via the input into the housing and the
standardizing current crosses reference plane A in
which the film is located. The output reference plane
of the current-sensor in its housing is thus essentially
in plane A irrespective of how far the thermoelement
is actually located from A. One must, however, repro-
duce this reference plane A when the enclosure of the
“current meter’’ is removed from the Bolovac and put
into use. The effect of the impedance in plane A as
seen by the “current meter” and of the mechanical
discontinuity upon the TEM mode are discussed under
error analysis. For current standardization, the ‘“out-
put” port of the core is used for attaching an adjust-
able shorting line, a low-capacity shielding cap, or a
tuned LC tank to terminate the system in a high
impedance Z, as discussed in the previous section.
In some cases one may use a tube, equivalent to an
outer conductor of the line, of sufficient length to pre-
vent radiation from this end of the core. The latter
may prove more economical than a shorting stub
provided the value of the terminating impedance is
high enough for the desired accuracy.

Figure 5 shows exploded views of the core assembly
for voltage and current standardization.

The capacity Cp of the core itself (see fig. 2) is of
the order of 2000 pF between each outer ground plate
and the composite inner plate. In order to keep the
effective impedance of C, at a value sufficiently low
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FIGURE 5a.

FIGURE 5b.

Exploded view of core for voltage standardization.

Exploded view of core for current standardization.



so that the rf voltage drop across it does not intro-
duce serious errors, particularly at low frequencies
(discussed under error analysis), the additional ring-
shaped capacitor mentioned above was constructed;
this ring is generally not needed for current measure-
ments. It consists of additional ground and center
plates with a large number of fixed capacitors im-
bedded into the center plates. Thus, the value of C,
is increased to about 60,000 pF. The construction
details are shown in figure 6. One may use the core
with or without the ring depending on the frequency.
Other structures are, of course, possible in order to
increase the value of Cj of the core and ring, and one
may increase it further by adding fixed capacitors, for
example, at the outside rim of the ring. The applica-
tion of anodized aluminum plates or other similar
techniques may be considered to obtain the largest
value of C, per unit volume and weight of the structure.

Type N 1f connectors on the two sides of the core
(fig. 4a) may be used for measuring the biasing po-
tentials as well as for probing the rf voltage mentioned
above across C, when wanted.

Figure 6 shows an exploded assembly of C, and
figure 7 shows a perspective view of the assembled
core with the voltage plate and the capacitor ring.
Figure 8 shows the voltage and current center con-
ductor pins used with the disk. Figures 9a, b, etc., show
photographs of the components and assemblies de-

FIGURE 6. Exploded view of ring-shaped auxiliary capacitor.

283-576 OL-68—6

FIGURE 7.
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Core (with voltage plate) and auxiliary capacitor of
Bolovac.

i ,
! (b) !
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FIGURE 8. Center conductor pins of Bolovac disk; (a) for voltage
measurement, (b) for current measurement.

scribed above. The auxiliary C, assembly may, of
course, have shapes other than the ring type used
here.

4. Results and Error Analysis

4.1. Results

Most of the measurements were made at voltage
and current levels at which intercomparisons with
power standards in a 50-() system could be made
directly (without auxiliary attenuation or amplifica-
tion). Calorimetric power measurements served as



FIGURE 9a. Bolovac split-film resistors and substrates (disks). FIGURE 9d. Current core exploded.

FIGURE 9b. Disks without and with voltage and current coax-  FIGURE 9e. Auxiliary capacitor with top plate and insulator
conductor pins. removed.

FIGURE 9¢c. Voltage and current cores assembled. FIGURE 9f. Voltage core and auxiliary capacitor.
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FIGURE 9g. Current core and auxiliary capacitor.

Capacitor disk and grounding-electrode bolt (beryllium-
copper split contact pin).

FI1GURE 9h.

FIGURE 9i.

Bolovac set up to calibrate ATVM.
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FIGURE 9j.  Bolovac set up to calibrate thermoelement.

independent direct or indirect comparisons for both
voltage and current. Intercomparisons with thermistor
mounts at frequencies to 1 GHz and between a number
of Bolovac cores and disks above 1 GHz served as
quasi-independent techniques:; the latter furnished
confidence in the quality of the disks and the as-
semblies of the system as a whole. In addition, inter-
comparisons were made employing two independent
bridge consoles, one a constant dc-voltage biasing
type, the other with constant dc-current biasing. The
agreement at voltage levels of about 0.2 to 1.5 V was
1 percent or better to 2 GHz, 2 percent at 4 GHz and
4 percent at 8 GHz. The agreement in measuring
currents of 5 to 75 mA (in 5 to 200 mA thermoelements)
was 1 percent or better to 1 GHz. Reproducibility of
current measurements was within 1 percent at 2, 3,
and 4 GHz: comparison with power was not made at
these frequencies because of resonances exhibited
by the thermoelements, apparently as a result of
residual inductances and shunt capacities of the
heaters.

Figure 10 shows calibration curves of these thermo-
elements obtained, to our knowledge, for the first time
over the frequency range and to the accuracies given
above.

A conservative estimate of the uncertainties of the
measured voltages and currents in terms of assumed
true values is equal to the above figures on the agree-
ments. It is felt that a several-fold improvement over
the above results may be achieved because our efforts
to date to perfect the Bolovac and the measuring
system were at best only moderate.

To prevent misinterpretation of the following “error
analysis” it is advisable to define terms as used here.
An “‘error in mathematics™ is defined as ‘“‘the differ-
ence between the true value and the calculated or
observed value” [10]. A ‘“‘result” may be corrected
for a given “error.”’” Because the “‘true’ value is never
known, the absolute magnitude of the “error’ can only
be approximately determined. A result is known to
an estimated plus or minus ‘“‘uncertainty’’; the result
cannot be corrected for an “uncertainty.”” The “un-
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FIGURE 10. Calibration of the UHF thermoelements with Bolovac.

certainty”’ may consist of a number of uncertainties
of parameter values entering an equation and includes
the uncertainty in the “error.” “Uncertainty” is
often referred to as “‘limits of error.”

The results of the technique described here are
subject to the following sources of uncertainties:

Approximations in the analytical steps leading to
eqs (10), (11), (12), and (13).

Uncertainty of values of bridge components, biasing
source instability, limits of bridge sensitivity, bal-
ancing galvanometer noise, and rf source instability.

Quality of bolometric disk and its substrate.

Standing waves and discontinuities in the trans-
“mission line.

Input impedance of the resonant circuit or of
quarter wave coaxial line section shunting R, for
current measurements.

Residual impedances in the ground system.

An assessment of the uncertainties contributed
by these sources follows.

4.2. Effect of Approximations Leading to eqs (10)
to (13)

It was shown earlier that the magnitude of the
voltage or current may be in error by less than 0.01
percent if the disk-film thickness, d, is 7 percent of

¥ : ¢
the skin depth, 8,,.. In practice the ratio — is always

m
smaller than 0.07.
The resistance, and the depth of current penetra-
tion into the annular resistor is given by [4, 5, 11].
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where d is in meters, f is in Hz, w,, is relative per-

meability of the conductor (w,-=1 for copper and

other nonmagnetic materials); pn/p.= relative re-
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Om

For %:2.3 (Zy=150 ohms),
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Assuming an extreme pessimistic case of R, =0.1 Q)
at 20 GHz for copper,

d=0.058,.

It follows from eq (16) that higher values of R,, may
be realized by using higher resistivity materials with-

out changing the ratio of = When materials of suf-

ficient resistivity are not avallable one may reduce
the film thickness, d, in order to increase R,. How-
ever, d cannot be reduced beyond the point at which
the film stops behaving as a solid conductor. When
this limit is reached, one may have to compromise for

higher ratios of , and consequent narrower frequency

range or p0551bly larger penetration error.

4.3. Uncertainty Introduced by Bridge Assembly
Components

Uncertainties were introduced into the results by
the random drift of the d-c power supply, the error
in the values of the d-c resistors, the random drift
and temperature coeflicient of the d-c resistors during
the time it took to make a measurement, the uncer-
tainty in measuring d-c voltages before and after rf
was applied to the bridge, and the d-c imbalance of
the two halves of the disk resistors [12]. An estimate
of the limiting uncertainty from these sources is
#+0.06 percent. Another source of uncertainty was the
limited stability of the rf sources during a measure-
ment, which is estimated as #=0.01 percent. The out-
side limits of the uncertainties introduced by these
causes are thus =0.07 percent.

4.4. Quality of Bolometric Disk and of Its Substrate

Two parameters of the film and substrate assembly
will affect the uncertainty of the results. The first is
the film sensitivity designated by 7y, (ohms/watt),
the incremental resistance as a function of power
dissipated in the disk. The second is the film stability
which will affect the signal to noise ratio of the bridge
galvanometer, particularly at low levels of V,. As
already stated, film and disk fabrication details are
outside the scope of this paper. Such factors as the
quality of the substrate surfaces, aging and protection
of the films, migration of contact electrode metals
into the film, uniformity of the film thickness, etc.,
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have been apparently well under control and should
contribute negligible uncertainty in the results. Some
information on the state of the art of film deposition
and of the uncertainties imposed by its limitations are
discussed in the appendix. Thermal noise of the disks
(of the order of 200 uV for a bandwidth of 10 GHz for
a 200 Q disk at room temperature) may also be ne-
glected at the voltage and current levels here under
consideration, particularly for “single” frequency or
narrow band applications.

However, the uncertainty is affected considerably
by ym because the bridge sensitivity (expressed as the
galvanometer deflection for a given voltage or current
increment in the disk) is directly proportional to
vm [12]. The results shown above were obtained with
platinum film disks; their vy, values in the assembly
were about 1 to 3 (/W. Some chromium, nickel, and
gold disks were also fabricated at the NBS without
great improvement of vyn; in one case of a 50 Q (200
) d-c) nickel unit, y,, was 9 }/W. Measurements of
carbon films indicated a yn of 2 to 7. There is evidence
that values of 10 (}/W and higher are obtainable in
laboratories outside the NBS. Our platinum units
were considerably more stable and had a much longer
life than the chromium or nickel units. It seems rather
difficult to predict the value of y, because the tempera-
ture coefficient of the conductivity of films is a pro-
nounced function of their thickness. The temperature
coeflicient is negative for values below about 100 A,
then crosses the zero line and becomes positive as the
thickness increases [13]. For two disks having the
same temperature coefficients of resistivity it seems
more promising to use higher resistivity metals or
alloys because a thicker film will be realized for a
given disk resistance. This may insure greater stability.

There will be an error in the measured voltage or
current if the resistances or the values of yn of the
two halves of the film-disks are not equal. This error
has been discussed in the past [1, 12, 14, 15] and is
approximately proportional to the product of (1) the
fractional difference of the initial resistances, and (2)
the fractional difference of the y’s. A practical case
in our experience is a 25-) (100-Q) d-c, nominal)
platinum disk, which has been in use for close to 2
years to date; fractional differences in the resist-
ances stayed constant at 0.4 percent, and in the y’s
at 4 percent, which yield a possible error of 0.008 per-
cent in voltage or current. A pessimistic figure of 0.01
percent from this source is used in the summation of
the errors. In case of large fractional differences this
error may be reduced by applying corrections. Also,
a large difference in y’s may be compensated by re-
ducing the difference of the resistances, and vice
versa. Another way of avoiding this source of error
is to make one half of the film out of a material having
a relatively low y as compared with that of the other
half [12].

4.5. Effect of Standing Waves on Voltage Measurement

Assuming uniform diameters of the coaxial system,
the error introduced in the voltage, V., applied at the
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input plane of an unknown voltmeter is obviously a
function of (1) the VSWR, S,, looking into its input
port, and of (2) the distance, x, between the Bolovac
film, Ry, and the above plane. This distance is 1 or
2 mils. High input impedance voltage monitors may
have S; values of 200 at 1 GHz [16]. The voltage ratio
distribution in a lossless transmission line is given by

1

Ve

Zo el
cos Bx+jZ— sin Bx

For infinite input impedance of a voltmeter, this results
in a possible error of 0.01 percent at 10 GHz and of
0.02 percent at 20 GHz. It is therefore desirable to
keep the distance between the two planes in question
to a minimum.

4.6. Effect of Resonant Tank Impedance Shunting R,
on Current Measurements

The input impedance, Z;, of quarter wave, air
dielectric, shorted, coaxial tuning stubs may be com-
puted from [17]:

1
Z,=11.11(/)"2F —, (18)

where:

f= frequency in Hz,

b= inner radius of outer conductor in cm,

F = a constant found in figures 4 to 15 of the given
reference,

n = odd number of quarter waves on the stub.

For n=1, at 1 GHz, and a 50-C) stub, with 6=0.64
cm, Z; is approximately 100,000 ) and the likely
errors for R, values at 25, 50, and 100 ) are 0.025,
0.05, and 0.1 percent, respectively. One may use
larger characteristic impedance stubs to reduce this
error. For example, one may double the outer con-
ductor radius and reduce the inner conductor radius
to half of the 50-Q stub, and thereby reduce the cor-
responding above errors to 0.005, 0.01 and 0.02
percent.

Stubs may be used down to 50 MHz. At lower fre-
quencies, lumped constant tanks may be preferable;
obviously the highest possible Q values with the lowest
value tuning capacitors should be used. Errors in this
case may be kept below 0.05 percent.

In either case the effect of the shunt impedance,
Zs, may be corrected for, once the value of Zs is
determined.

4.7. Effect of Standing Waves on Current Measurements

Standing waves are at present a more critical source
of error in current than in voltage measurements.
The reason is the relatively large dimensions and high
effective characteristic impedances of the present
day current sensing devices. For example, so called



“UHF” vacuum thermoelements are nearly always
used at high frequencies. Bolometers, such as cylin-
drical resistors and themistors, have been used on
rare occasions. Solid state thermoelements were re-
cently developed for frequencies up to about 60 MHz,
and bead type ‘thermoelements were developed some
years ago at the Bell Telephone Laboratories [18].
It is assumed that at the frequencies considered here,
the current measuring devices are enclosed in a box
approximating a coaxial structure with the current
sensing element in series with the center conductor.
Except for the case of thermistors and other beads
(having diameters of the order of 0.1 to 1 mm), the
current sensing elements are long relative to the
shorter wavelengths involved here. The UHF thermo-
elements have a glass envelope of about 2 ¢m in diam-
eter and heater diameters starting at about 10 or 20 u
(for the 5 mA current carrying capacity); the heaters
are about 1 c¢m in length [19]. The uncertainties in
calibrating these types of thermoelements are briefly
discussed here as an illustration of the procedure in
error evaluation.

Figure 11 shows a typical UHF feed-through type
thermoelement mounted in a metallic tube. Planes
D, H, and A are at the input end, middle, and output
end of the heater, respectively. The Bolovac film is in
plane C. The heater and its input and output leads
form the center conductor of a coaxial system ter-
minated by the Bolovac disk, R,. This disk is, in

turn, terminated by a negligible admittance. The
effect of the discontinuities in the thermoelement

coax system is negligible for the case at hand, at least
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FIGURE 11.

Dimensions are approximate for use only as an illustration.

UHF thermoelement under calibration by the Bolovac.

to 5 GHz, as shown below. Current standing waves
are present along the line formed by the heater (Z,)
and the section formed by the output lead of the
thermoelement (Zy;). This second section is assumed
to be uniform for the sake of simplicity. The heater
section must be treated as a lossy line, because of the
relatively high center conductor resistances, while
the lead section may be considered lossless.

As previously indicated, the Bolovac-disk effective
rf resistances may be of the order of 0.1 { up to the
value of Z,. For the dimensions shown, Z, is approxi-
mately 400 Q and Z,;, 220 Q. It follows that for all
resistance values of the Bolovac disk up to 200 Q) there
will be a current maximum in plane C.

Two effects of the standing wave need be considered
in the heater, one caused by the nonuniform longitu-
dinal distribution of the rf heater current, which may
affect its temperature gradients. The other effect is
the lower heater current as compared with that in
planes A and C.

To determine a pessimistic error versus frequency
for the given physical dimensions, we apply the
following well-known, low-loss, shorted (the higher
the losses, the lower the effect) equation to the line
section Zyy,:

—=cosh ax cos Bx+/ sinh ax sin Bx.

I, (19)

Here I, and I, are the respective currents entering
the planes at x and A; x is the distance from plane 4
toward the current source.

Assuming the case of a relatively low-loss line where
the phase velocity B is the same as in the air dielectric
of the Z, line, the attenuation factor « introduced by
heater resistances of the order of 10 () or less is

T'h

27, (20)

Xoh =

where r,=heater resistance in ohms per meter.
For a typical 25 mA thermoelement, r, = 1,000 ()/m
and Z,, =400 (1, as stated above;

. ayn=1.25 nepers per meter.

Under these conditions the current distribution is,
to a good approximation, the same as for a lossless
shorted line, i.e.,

Iy
P cos Bx

(21)
where /¢ is the rf current in the Bolovac disk and x is
the distance from C towards the source. Direct com-
putation of the impedances and current ratio for the
dimensions given (at 1 GHz and assuming R,, < Z,),
results in

Ly

7 =0.995
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In _

=(0.978
I 0.97
Iy _
his 0.956.

One may assume that the current is uniform along
the heater and has a value of the current at the middle
of the heater, or 0.978 /.. One can show that the error
in this assumption will not exceed 0.2 percent. Based
upon the distance between planes H and C, one may
therefore calculate the value of [I,(1y=0.9781:)
with an estimated uncertainty of 0.2 percent. It is
evident from eq (19) that this error will be lower as
the heater resistance is increased.

One may also compute the top limit of R, for a
given error for values above 200 (); in our experiments
R did not exceed 50 (). It also follows from the above
that the length of the heater plus the leads seem to
limit these thermoelements to frequencies below
1.5 GHz. Our observations and manufacturers data
indicate the presence of resonances at frequencies
above 1.5 GHz for these thermoelements for the
current ratings of 5 to 1,000 mA; this is apparently
a result of the residual inductance of the heater and
of the shunt capacity across it. These thermoelements
may therefore be used as indicators at frequencies
above 1.5 GHz, but may be objectionable as cali-
brated instruments at higher frequencies because of
likely instabilities.

It is, of course, apparent that the errors introduced
by the standing waves are entirely avoidable when
R, is made equal to the load impedance of the cur-
rent sensor (in its enclosure) at its final application.
This is so because the current entering the load will
be calibrated for a given output of the couple and will
be accurately reproduced irrespective of a possible
difference between I and [ .

To summarize, for the above VHF thermoelements
enclosed in 2-cm diam tubes and mounted at the
Bolovac disk the error in assuming the corrected
heater current equal to the Bolovac current will
not exceed 0.4 percent at frequencies to 1 GHz; this
error would not exceed 5 percent at 3 GHz, but the
residual resonances may interfere above 1 GHz. For
frequencies above 1 GHz it seems best to use smaller
current indicators. The source of error introduced by
standing waves can be easily eliminated by using a
value of R, sufficiently close to the intended load
impedance of the thermoelement.

4.8. Effect of Discontinuities on Current Measurements

Figure 11 shows typical discontinuities as a result
of steps in the nominally coaxial assembly of a thermo-
element under calibration. The thermoelement may
be enclosed in a metal box in such a way that the
output-current lead length from the glass envelope
of the thermoelement to the Bolovac disk is of the
order of a millimeter. It is important to evaluate
the effect of the shown discontinuities on current
measurements because currents there are not con-
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tinuous. Equivalent circuits representing the effects
of these types of step discontinuities have been com-
prehensively evaluated in the past [20]. The results
there show that the discontinuities can be accounted
for by placing a capacitor at the plane of the dis-
continuity, provided the transverse dimensions of
the line are a small fraction of the wavelengths trans-
mitted. The equivalent circuit of figure 1la is shown
in figure 11b omitting series inductances because
these have been accounted for above in exploring the
effect of the standing waves.

We consider the capacities C,, between the heater
and the thermocouple, and C,, between the thermo-
element leads, a part of the thermoelement assembly;
their effect is independent of the connection to the
Bolovac and is lumped into the thermoelement as-
sembly characteristics to be determined by the
calibration measurements. C, in plane A, introduced
by the discontinuity at the joint of the heater to the
thermoelement output lead, is negligible; so is the
capacity at the input end of the heater [20]. The
capacitance Cg, contributed by the change in the
dielectric medium, is lumped into the impedance
terminating R, and thus becomes part of the quar-
ter-wave stub tuner or of another tank. Therefore,
it seems sufficient to evaluate the effect of the dis-
continuities in planes B and C.

The housing may enclose the thermoelement on
all sides except for an opening at the current output;
in this case the discontinuity in plane B is part of the
housing and only the discontinuity in plane C is to be
evaluated. Or the housing may be left open at the
side in contact with the Bolovac; in this case there
is no discontinuity in plane B. The equivalent ca-
pacities were looked up for both cases. C, turns out
to be about 0.06 pF for the first case of the complete
enclosure and about 0.1 pF for the second case.
Because the capacitive current is in quadrature with
the current in the disk, the error in the worst second
case could be 1.4 percent at 5 GHz, with a 50-Q disk,
and about 0.05 percent at 1 GHz. In the case of a
complete enclosure the error at 5 GHz would be re-
duced to about 0.5 percent. As the disk resistance is
reduced, the error is reduced; for example, with a
10-Q) disk, the error at 5 GHz for a partial enclosure
will be 0.05 percent.

A possible presence and effect of hicher modes as
a result of the above discontinuities is subject to further
investigation. It is felt that the effect is negligible in
our case, at least to 1 GHz; experimental evidence to
that effect was obtained at 1 GHz. Two precalibrated
thermoelements (in individual enclosures) were con-
nected in tandem and the currents agreed well within
the accuracies indicated. One must recall that the
effect of suspected higher modes may always be
reduced to any desired level by providing sufficiently
long uniform line sections between the planes of the
discontinuities and the reference plane of the current.

The conclusion is that a maximum enclosure of
the thermoelement and a lowest practicable disk re-
sistance will keep the error from this source to a
negligible value even at 5 GHz. Reducing the physical



size of the current sensor will further reduce this
error. The case of the thermoelement is presented
only as an example; effects of discontinuities may
be similarly computed for other current sensors.

4.9. Effects of Residual Impedances in the Ground
System

It was indicated above that the rf bypass capacitor
Cy, (fig. 2) of the Bolovac may be a source of error
because of its own impedance, particularly at or close
to the frequency at which it may resonate with the
distributed inductance of the assembly’s ground
system. Cp, may also be a source of higher modes.
Figure 12 shows the likely equivalent circuit of this
part of the system where L; and L, represent residual
inductances of connecting bolts, of lumped capacitors,
and ground circuits. C, is the capacity between the
insulated ground plates. Figure 12a shows the equiv-
alent circuit of a grounded rf source, the Bolovac
(neglecting its residual ground inductances), and a
grounded voltmeter being calibrated. Figure 12b is
the equivalent of figure 12a with the Bolovac ground
plates insulated from each other. L, is the combined
residual inductance of the bolts used to ground the
center electrodes of the 1,000 pF capacitors and
of any other residual inductance of the capacitors.
Figure 12c is the same as figure 12b except the ground
plates are interconnected with metal bolts and/or
brackets having a total inductance of L,. Figure 12d
is the same as 12b assuming an effective common
laboratory ground which would normally short out
L, but which generally cannot be realized at high
frequencies. The two halves of the metal-film disks
comprising R, are shown in figure 12a in series with
their respective rf bypassing capacities, 1/2 C,. For
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FIGURE 12. Circuits of Bolovac, RF source, and voltmeter under
calibration.

(a) Equivalent circuit of setup when RF source and voltmeter have one terminal con-
nected to common laboratory ground: residual inductances neglected. (b) Equivalent
circuit with Bolovac ground plates insulated from each other; L, is residual inductance of
Cy. (¢) Same as (b) except ground plates are interconnected with metallic bolts and/or
brackets. (d) Same as (b) assuming an effective common laboratory ground which generally
cannot be realized at high frequencies.
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negligible L,, C,=C,+ C,. The reactances of C;, and
the residual ground inductance on the input side may
be considered a part of the impedance of the rf source
and does not affect results as long as they remain
sufficiently stable.

On the other hand, the impedance of C, in series
with the output side of the disk may affect results.
Observations indicated that the circuits shown in
figure 12b and c, and not d, are the likely equivalents
at frequencies above, say, 100 MHz, where effect of
the residual inductances becomes appreciable in the
particular assembly tested. The input impedance,
Zy, of the device under calibration and the ground
impedance, Z,, appear as a voltage divider across the
known voltage, V. Vo should, therefore, be lower than
Vm by an amount depending upon the relative value
of Zy/Z,. This may be appreciable at a frequency,
fr» at which the ground reactance elements are at
resonance. With ground plates insulated from each
other, such a resonance apparently did exist at
approximately 550 MHz. C, of the core and auxiliary
capacity ring was approximately 0.06 microfarads
(uF). V, was greater than V, by several percent. It
is evident from figure 12d that if the common laboratory
ground were effective at the high frequencies, and
when both the generator and voltmeter were grounded,
Vo would be larger than V. This was not the case.
With the outer ground plates noninsulated (i.e., inter-
connected with metal bolts), £ was about 300 MHz,
and there were evidences of other resonances. There-
fore, these plates were insulated from each other in
our working assembly. In order to verify these deduc-
tions, a special voltage indicating device was con-
structed in such a way that it could be connected to
the output of the Bolovac with and without the presence
of the capacitor C, at the output. This voltmeter
consisted of two half sections insulated from each
other for dc, but common for rf. It was then calibrated
with and without the output Cj in the circuit to observe
the ground effects. The only appreciable differences
in the calibration values were at 550 and 300 MHz
indicated above.

A search of our models to date for resonances has
not revealed any of an appreciable magnitude at
frequencies to 8 GHz, except the one at about 550
MHz with the C, ring. The value of C, of the cores
without the ring was approximately 2000 pF. This
permitted the application of our cores without the
Cp ring down to frequencies of about 100 MHz for the
uncertainties cited above. Cores as well as rings with
different values of C, may, of course, be readily
designed depending on frequency ranges of interest.
Small diameter cores with relatively large value of
Cy, may be obtained with modern techniques, e.g.,
employing anodized electrode surfaces. Our cores
used 1-mil thick mylar insulators.

Further experimental study of the effect of Cy as a
radial transmission line is perhaps in order. Available
information on such a line [21] suggests that its
characteristic impedance is fairly well approximated
by the characteristic impedance of a coaxial line. The
latter is assumed to have the same conductor separa-



tion as the radial line and a mean radius equal to the
mean radius of the radial line section. In our case
this characteristic impedance in the Bolovac core
would be of the order of 0.01 to 0.1 (). Despite such
a low value of the characteristic impedance, the
effective input impedance into the radial line section
may still be appreciable at resonance frequencies. A
possible way of eliminating this source of uncertainty
seems to be to coat the disk surfaces of C; with some
lossy compound, like carbon; this should reduce the
input impedance of the radial section to a negligible
value at resonance frequencies as well. As was stated
before, an error may be introduced by the ratio of
the input impedance of the radial line section to the
input impedance of the voltmeter under calibration
and not by the magnitude of the former.

It is readily apparent from figure 2 that measure-
ments of rf currents are not affected by ground
residuals nor by the value of C,. The rf current enters
the Bolovac disk from the center conductor, and its
value is determined from the value of V', measured
by the bridge. It returns via C, to the source. There-
fore, the auxiliary capacitive ring is not essential
for rf current measurement. It should thus prove
relatively simple and economical to build Bolovacs
for frequencies above, say, 100 MHz, particularly for
practicable accuracies of 1 to 5 percent.

It is, of course, obvious that this error may be re-
duced to a negligible value even at resonance by
making C, sufficiently large. However, this error can
be avoided without the additional expense of increasing
Cp, in one of three ways: (1) the core may be used
without the ring so that f, may be materially shifted
away from the desired calibration frequency; (2) a
shift of f, may be obtained by decreasing C; of the
ring by a sufficient amount, e.g., by breaking the con-
tacts of some of the disk capacitors to ground; (3)
fr may be shifted by temporarily shorting the ground
plates of the ring. In the latter case, for a given L,
and residual losses, the greater the value of C,, the
lower f» and the lower the value of the parallel res-
onance resistance and whence the lower the error
in Vo.

Because it is rather difficult to predict residual
parameters of a ground system and a likely f, it is
best to search for such f,s experimentally whenever
a new variation of the Bolovac is designed. For ex-
ample, one or more coaxial outlets may be installed
to observe the voltage V' across Cy, as we have done.
The sharpness of a peak of V' as V' is kept relatively
constant will indicate the presence of f;, and the ratio
of V/V m will indicate its possible detrimental effect.
A measurement of V', will also indicate a possible
error in ¥, in case the value of C, is too low for the
lower end of the desirable frequency range. The likely
error will, of course, be a function of the ratio of
Zy/Z o; for example, at 3 MHz for C, equal to approxi-
mately 0.06 wF, the reactance, X,, is approximately
0.28 , which is negligible compared to modern rf
voltmeter input impedances. Even for a 50-() resistive
input impedance the error should not exceed 0.013
percent because the voltage drop across X, is in
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quadrature with that across Zo. To search for f, and
to measure V' it seems best to use good grade rf con-
nectors with a voltmeter which will not introduce its
own resonance effects. Once the values of f, and of
Vo/Vm have been found and steps determined to
eliminate ground effect errors, these connectors may
be removed or may be employed as bridge connecting
terminals; however, their presence makes it possible
to check the ground conditions at any time.

4.10. Summary of Errors

The uncertainties analyzed above may be con-
servatively summarized in percent of measured levels
as shown in table 1 for voltage and table 2 for current.
The uncertainties 1, 2, 3, and 4 of table 1 hold for
current measurements in typical enclosed present
day UHF vacuum thermoelements. Three other
causes are listed in table 2. It is evident that wider
ranges of voltage magnitudes and of frequencies may
be realized with a given Bolovac at the sacrifice of
some uncertainty.

TABLE 1. Summation of errors in voltage measurements
Source Percent
1— Approximations in derived equations showing that the rf voltage drop across
the resistive film is equivalent to the d-c voltage drop.......................... +0.00
2 —Magnitudes and i bilities of bridge p s and biasing source........ +.06
Y Y e A O T 2 g oot om0 O 000 L O oo =2{1)§
4 —Quality of bolometric disk and substrate +.01
5—Effect of standing waves on voltage at 10 GHz (at 20 GHz—0.020)............. +.01
6—Effect of residual parameters in the ground system (total limits of uncer-
BRIy ) 2 e et (ois b itsanaben oncunsabesrnsaavasissbpryusanssssvabrrapuravaptsntd +.00
Total limits of uncertainty for voltages of 0.1 to 5 V at 10 MHz to 10 GHz.. +.09
San e 10 2 G R T e s Eet et e e aese et aseee tave s aa b e e b st eeniransrsatsiuansy *.10
TABLE 2. Summation of errors in current measurements
Source Percent
R4 10100 fOr VOIBREE. -2y 0. i s spensovosvarsims s est nanansviess mhswes srasatbsinagss samsucars dopsy +0.09
7—Effect of standing waves and nonuniform heater current at 1 GHz with
correction applied for any Rm 10 200 Q.........coovviiiniiiiiiiiiiienniiniinninnd +.40
Same, if Rn is equal to the intended load of the thermoelement............... +.00
8—Effect of discontinuities to 1 GHz for R, =50 € and maximum enclosure
of the thermoelement +.05
ST, TOT R L0 7 ie e it v i b sRoE s s gTs Soaca Tondorhsshsies avilas Fatarsensohy +.01
9 —Estimated average effect of resonant tank impedance shunting Rp...........] =05
Conservative total limit for frequencies to 1 GHz and R <50................. +.60
Same for/Rm ®intended Toad. . . oo s ot ot s 5e e 0li s anoar s snips s uavansevir *.10

5. Comparison With Power Measurements

It may be instructive at this point to discuss the
overall uncertainties in measuring voltage and current
in a plane A arrived at in tables 1 and 2 as compared
with the uncertainties of the power measurements



against which the results are cited here. A thorough
analysis of this issue is beyond the scope of this
paper. Only the apparent major causes of the dis-
crepancy are indicated as follows.

The power measurement uncertainties above 1 GHz
were = 1 to == 2 percent at best because a precalibrated
bolometer power meter was used in this case. A
calibration factor in terms of a calorimetric power
standard was detérmined and the reading obtained
with the meter was corrected accordingly. Direct
comparison with the calorimetric power standard
might have reduced the uncertainty to =0.5 to =1
percent. Because this was not yet done, the estimated
uncertainty of our results of the voltage measurements
is conservatively put at =1 percent to 2 GHz, = 2 per-
cent to 4 GHz, and *=4 percent to 8 GHz. These are
the differences or disagreements, stated previously,
between the Bolovac and the power-bolometer results.

Another reason for caution is the relatively small
number of Bolovac disks tried so far in our laboratory.
The differences between results of individual disks
and the reproducibility of readings were within 1
percent. No effort was made to improve the bridge
operation via a sufficiently careful calibration of its
comporients to warrant the figures of uncertainty
listed in the table.

The difference between determination of power
transmitted along a transmission line employing
voltage measurements as against other methods may
be pointed out here. The multiple probe method of
measuring power (and impedance) in TEM transmis-
sion lines was recommended years ago [22]. The
reason for neglecting it might well have been the
inability of measuring voltages with sufficient accuracy.
With the latter difficulty remedied within the limits
indicated here, it seems advisable to reconsider the
method particularly for application in secondary
standardization laboratories and field measurements.
The method holds promise for better accuracies and
greater economy. Power may be computed by meas-
uring voltages at three probes spaced one-eighth
wavelength apart. Only one voltage need be accurately
known; the voltages at the other probes enter the
equation simply as ratios to the first. It was shown
above that the voltage in a given plane A, in a coaxial
line, may be determined with an uncertainty of 0.09
percent. Assuming the uncertainty in the value of the
characteristic impedance of presently available coaxial
low-loss-precision line sections of +=0.05 percent, one
can readily show that the power transmitted may be
determined to an uncertainty of about +0.2 percent
over a wide range of standing wave ratios. This can
be done without replacing the load of the system by
a calorimeter, and indeed, without disturbing the sys-
tem once probes have been installed and a voltmeter
in combination with the probe section has been pre-
calibrated for the purpose. Probe sections are needed
for each frequency (or a band of frequencies with
correction curves). However, the same voltmeter may
be used for all frequencies. It may be one of a number
of 50-Q) input-impedance voltmeters or power meters
presently available for frequencies up to 2 GHz or

higher. The voltmeter need not be permanently con-
nected to the probe line section and can be used for
other purposes in the laboratory or system installation.

The objective of this discussion is not to advocate
voltage measurements in place of widely used power
measurement techniques. The need of measuring
power as a basic quantity is beyond dispute. How-
ever, one should be aware of the multiple probe
method and its potentialities. An up-to-date survey
of power measurements [23] lists =2 percent as the
lowest presently attainable uncertainty for feed-
through power meters at frequencies to 10 GHz. The
lowest uncertainty in calibrating the effective efh-
ciency of a bolometric power meter, using a calorim-
eter as the basic method, is =0.2 percent. The latter
involves complicated, relatively costly equipment,
and has a long time constant. It would thus seem that
the multiple probe method has a fair margin of safety
in terms of uncertainty, particularly for use with field
equipment and systems where accuracies of 1 percent
are needed. Another advantage of the multiple probe
method is the ability to measure impedances with
the system in operation; an addition of a fourth probe
makes this possible. Still other advantages are the
relatively large voltage and power ranges that can be
measured with one voltmeter and the relatively high
decoupling factor, or low incident power absorbed by
the probe and voltmeter.

6. Conclusion

Hopefully this paper, describing the Bolovac
basically, will be followed by another on applicational
steps, details, precautions, and additional results as
well as on further perfection of the device. Through-
out the development steps of the Bolovac, to date,
the emphasis was on proving the validity and prac-
ticability of the principle and technique. No par-
ticular effort was made towards achieving optimum
or potential accuracy, nor on establishing limits of
voltage and current magnitudes, and a top limit of
frequency. Considerable improvement is anticipated
in the quality of the disks, particularly in their cur-
rent-carrying capacity, sensitivity, and stability.
Intercomparison with the dynamometer type ammeter
[3] and with more accurate power measurements is
pending. However, the results obtained so far amply
illustrate the superior value of the Bolovac as an
instrument for both high and medium accuracy cali-
brations of voltage, current, and possibly power
meters over a wide frequency range.

Appreciation is hereby expressed to the Radio
Standards Laboratory and to the NBS for the oppor-
tunity of developing the Bolovac; to P. A. Hudson,
P. E. Werner and (the late) P. London for their splendid
cooperation in disk developments; to W. J. Blank and
R. P. Chariton for performing countless painstaking
observations and measurements; to D. Holt for his
assistance in the computation of the inductance of
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a short and wide rectangular film, and to C. M. Allred
and C. C. Cook for critical and constructive reviews
of the paper.

7. Appendix

One may reasonably question the effect of the
imperfections of the film-resistor disk on the purity
of the TEM mode. The nonuniformity of (1) the film
thickness and of (2) the width of the annular ring may
cause an effective residual inductance and thus intro-
duce an error in the deduction that the disk impedance
is purely resistive. A third possible source of un-
certainty is the effective discontinuity introduced by
the contact electrodes to the film. The likely limiting
errors as a result of the above three imperfections
will here be briefly analyzed.

The up-to-date state of the art on depositing resistive
films and electrodes on substrate (preferably polished)
surfaces indicates that the thickness uniformity of
the film can be maintained to 1 to 2 percent over a
2 sq in area [5, 22, 25|. Registration tolerances in the
order of 0.0002 in (5X10-* e¢m) of true position are
obtained with photo-resist techniques [25]. The
resistances of the two halves of the film (e.g., of
platinum) may be made equal to 0.1 percent; the
coefficient, y, may be equal to within the same degree
as the thickness (because 7y is a function of the thick-
ness [13]). With tantalum or chromium on polished
¢lass the y’s may be equal to within 0.1 percent. The
tolerances are, naturally, a function of the resistance
values desired; deposition rates can be controlled
down to a few angstroms per minute [22]. Practical
thickness limitations (at which the film characteristics
approach those of the bulk of the material) vary
widely with materials and are of the order of 50 to
200 angstroms [13].

Effect of film thickness variation on disk inductance.
The area of the 7-mm diam substrate over which the
film is deposited is approximately 0.075 sq in. On the
basis of the above tolerances one may expect a thick-
ness variation of about 0.03 percent. It will be assumed
below that one half of the annulus differs in thickness
from the other half, but each half is uniformly thick
over its surface. To obtain a pessimistic evaluation,
the effect of thickness differences of 0.03, 0.1, and 1
percent were considered.

To determine the effective residual inductance
caused by the thickness differences one must compute
the inductance of half an annulus (having the shape
of half a washer) with radial currents, as shown in
ficure 13a. No analytical expression for the inductance
of this case is available and the derivation of a suitable
equation presents a problem beyond the scope of this
paper. A conservative evaluation was therefore made
on the basis of figure 13b. The film in figure 13b is
identical to that of figure 13a assuming an infinite
radius of the coaxial line. It may be looked upon as a
film resistor located in the transverse plane of a strip
line with a center conductor and two outer “ground”
conductors; the fringing fields are neglected. The
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FIGURE 13. Bolovac coaxial transverse film and approximate

equivalent film in strip line.

inductance of half of the film (between the center con-
ductor and one of the outer conductors) can be com-
puted for the transverse currents. Because of the
dimensional configuration, conventional formulas
derived for long conductors (for which [> d) cannot
be used. Instead, the inductance was determined
from an equation derived by Hoer and Love [26] using
an electronic computer. Inductance values were
computed for 1000-A thick films differing in thickness
by #=0.03, 0.1, and 1 percent. The inductance was
2.24908 X 10~ * microhenries (wH) for the 1000-angstrom
film. The differences in the inductance were as follows:

Thickness difference

Difference in L

Percent Microhenries
+0.03 —9.39 X10-*
—-0.03 $41:062X 108
+0.1 —=3.20%X10-8
=)l +3.42%X10-8
+1 —6.60.X10=%
== +3.43%x10-7

One may show that the approach chosen is a pes-
simistic one as follows. Assume two conductive fibers
(comprising two elements of the film) located a dis-
tance, d, from each other as illustrated in figure 13b.
Ly, Ly, and M are their respective self and mutual
inductances. The combined inductance of the two
filaments in parallel with currents flowing in the
same direction is given by [27].
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The presence of the mutual M increases L. In the
case of a cylindrical coaxial line (fig. 13a), the value
of M will always be smaller than for the corresponding
filaments of case 13b because of the relative angular
positions of the filaments; indeed M will be zero be-
tween filaments located at right angles to each other.
Therefore L, will always be smaller in case 13a than
in case 13b; so will the differences in L as a result
of differences in thickness. Therefore, the deductions
for case 13b safely hold for case 13a.

The effective inductance of the entire annular film
of 13a and of the top and bottom halves of 13b is the
difference between the inductances of the two halves
and is equal to the figures given above for the dif-
ferences in the thicknesses chosen.

The likely difference at the present state-of-the-art
is of the order of 0.03 percent. For a 1000-A thick film
the conservatively computed effective inductance
might thus be as high as 1.06 X 108 uH.

Again assuming a further pessimistic value of a
thickness difference of one percent, the effective in-
ductance may be as high as 3X10-7 uH. This cor-
responds to a reactance of about 3.8 X102 () at 20
GHz. This quadrature component in series with, say,
a 10-Q film may introduce an error of 7 X 10~* per-
cent in the assumption that the rf impedance of the
film is equal to its dc resistance. One should, perhaps,
point out again that this is an “error’’ and in principle
may be corrected for, if indeed the rf impedance can
be measured with the required precision. The likely
error may of course be computed for other film thick-
nesses and resistances.. The higher the resistance of
the film, the thinner it is and the higher may be the
effective inductance. However, it enters as a quadra-
ture component in the impedance. Thus, the overall
error is not likely to be appreciable for any value of
the film resistances and frequencies here under

consideration. ) e
Effect of variation of width of film. It was indicated

above that the registration tolerances of the film are
at present of the order of 5X 107% cm of true position.
The incremental film width variation for a 7-mm,
50-() coaxial line is thus approximately =0.5 percent.
The inductance for radial currents is approximately
proportional to the width of the annulus (i.e., to the
“length” of each elemental filament). Assuming in
the limit that one half of the annulus differs in “length’
from the other half by 0.5 percent and taking again
the above example of the 1000-angstrom film having
an inductance of 2.25X10~* uH, the effective in-
ductance of the annulus might be about 11.25 X 107
uH. This might contribute an error of about the

78

same magnitude as that of the difference in thickness,
and again, a correction can be applied.

Effect of discontinuities introduced by contact elec-
trodes. It was stated previously that registration
tolerances may permit deposition of electrodes on
the substrate to within 5X 10~* c¢m. Because of re-
quirements associated with securing the position of
the disk in the coaxial structure (e.g., by means of
soldering, conductive epoxy cement, clampings, etc.),
we will allow a conservative width of the electrodes
on the disk surface of 15X 1073 cm. The computed
[19] equivalent shunt capacity introduced by these
electrodes in a 7-mm, 50-Q) line is approximately
15X 103 pF. The effect of the equivalent quadrature
shunt reactance at 10 GHz on current measurements
employing a 50-Q) film will be approximately 0.11 per-
cent. With lower film resistances (most likely to be
used for current standardization), the uncertainty is
correspondingly lower. As was indicated previously,
these discontinuities do not introduce uncertainties
in voltage standardization; higher modes, if any,
should be sufficientlv attenuated along the uniform
line sections normally present in input connectors to
high frequency voltmeters.
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