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Broad-Band

and

Calorimeters for the Measurement of Low

Medium Level Microwave Power.

I. Analysis and Design*
M. SUCIIER~ AND EL J. CARLIN~

S@rnary-Design considerations for a group of broad-band
calorimetric power meters, capable of accurately measuring low
(zero to one milliwatt) and medium (zero to 100 milliwatts) power
levels over a frequencyrange from zero to 75,000 mc, are presented.
The power meters are of the nonadiabatic, twin, dry-load type and
utilize the substitution of dc power. The conflicting requirements
imposed upon the design by the need to realize broad-band per-
formance, adequate sensitivity, reasonably short response time,
negligibly small rf-dc equivalenceerror, freedom from “zero>>drift
and from other types of error are discussed.An analysis is given of

the known sources of error which enables the accuracy of the in-

dividual instruments to be reliably estimated.

T
HERE is a definite need for a more accurate
method of measuring microwave power at low and
medium levels than is at present afforded by bo-

lometers. The latter, in addition to being subject to pulse
powerl and rf-dc substitution (or equivalence) 2 errorss,4
are also subject to errors which are caused by mount
ineficiency.5-7 Calorimetry naturally suggests itself
as an alternative. In recent years calorimetric tech-

niques have been extended to the direct measurement
of microwave power in the same range for which bolom-
eters are generally used. 8–13Three basically different
calorimeter types—flow, adiabatic, and nonadiabatic-
have been employed for this purpose, all utilizing the
substitution principle. The calorimeters of Carters and
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Stromg are flow devices, the Naval Research Labora-
tory calorimeter described by Fellers10 is of the adia-
batic type, and those described by Ernst and Schussle,ll
by McPherson and Kerns,’2 and by Sharpless13 are
nonadiabatic.

The present paper is concerned with the basic design
principles which underlie a broad-band nonadiabatic
calorimeter of the twin dry-load type. A schematic dia-
gram of the rectangular waveguide version of this de-
vice is shown in Fig. 1. Units covering the frequency
band 0–75,000 mc per sec have been built with a power
measuring range of approximately 100 microwatts-100
milliwatts and the design data and operating character-
istics are described in a companion paper.14

The basic equation defining the operation of an ideal-
ized nonadiabatic calorimeter (i. e., where heat losses
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Fig. l—Schematic diagram of calorimeter in rectangular waveguide.
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guide; G, polyfoam plug.
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are not effectively eliminated as in the adiabatic type,
but taken care of by appropriate calibration, usually by
substitution of known amounts of low-frequency power)
is

P(t)=+++ (1)

where

P(t) = power input in watts,
C = heat capacity of calorimetric body in joules

per “C,
O= temperature vise of body with respect to its

surroundings in Co

do
= time rate of temperature rise of body with re-

5
spect to its surroundings in ‘C per sec.,

R = thermal resistance of the body to its surround-
ings in “C temperature rise per watt.

This equation assumes Newton’s law of cooling, and fur-
ther, that the body is at uniform temperature through-
out, with C and R independent of temperature.

For constant power input P, the solution of (1) is

o = 00(1 – 6–~/’) (2)

where 00 is the steady-state temperature rise due to a
power P and ~ is the thermal time constant of the body.
Here

Oo= RP (3)

T=RC (4)

1
R = ~ j G == thermal conductance. (5)

[f the steady-state temperature rise is used as a meas-
ure of the applied pow-er, as is generally the case, then
the power sensitivity of the calorimeter (defined as tem-
perature rise per unit power input) is equal to R. The
relation between measurement time and time constant
may be illustrated by the fact that a waiting time
equivalent to four, five, and six time constants results in
a corresponding temperature rise which is 98.2, 99.3 and
99.8 per cent of the steady-state value, respectively, if
the temperature build-up is truly exponential. To
achieve a short measurement time, the large value of R,

associated with high sensitivity, must be counteracted
bv a small heat capacity, C, so that the time constant,
RC, shall be sufficiently short. The sensitive nonadia-
batic calorimeters reported in the literature achieve
their small heat capacity by use of thin-walled construc-
tion of the metal casing which houses the rf power ab-
sorbing load. Generally, the necessary thermal isolation
(large R) is obtained by a substantial reduction of the
conductive heat loss, which would otherwise be the ma-
j or portion of the total heat loss. This had been accom-
plished earlier by using a short air gaplz ,13in the entry
waveguide leading to the casing, but a broad-band tech-

nique is used in the present design consisting of ther-
mally isolating sections in the entry waveguide made of
suitable dielectric coated with a thin meta,l film.’1 In
this isolator the conductive flow of he,zt is impeded
without appreciable attenuation of the rf power flow.
Convective and radiative heat losses from the ctising
are kept reasonably small by limiting the size of the
casing to the degree permitted by other (design con-
siderations.

Since the minimum detectable power is as much de-
pendent on the background thermal fluctuations and
temperature drift as on the calorimeter sensitivity,
great attention is paid to thermally shielding the calor-
imeter against external temperature variations. g“’bus,
the NBS calorimeter reported in the liiteraturelz was
enclosed in a massive brass can which was immersed ill a
large oil bath. The limit of resolution in this design is
imposed by random fluctuations of temperature ex-
perienced by the shield can in contact with the aqikated
oil bath and is equivalent to about 10 microwatt of
power.

The calorimeters described in this paper achieve a
power resolution of less than 10 microwa tts without the
necessity of oil bath stabilization. The techniques re-
quired ~re described in the following sections.

B,\sIc D~SCRII’TION OF NTRI C.4L0 RIMETERS

PeYfor7nance Characteristics

These calorimeters have their thermal isolating sys-
tems and r-f power absorbing loads so designed that the>
operate over broad frequency bands. Furthermore, the
design has been deliberately developed so as to minimize
errors over the operating frequency band caused by
such things as rf-dc substitution, rf attenwrtion and r-f
leakage of thermal isolating sections, and drift of zero
setting due to fluctuation of ambient ternperature. The
models were constructed for the Air Force15 and the
Department of the Army16 as standards of microwave
power measurement in the milliwatt range. The calo-
rimeters are portable but are intended primarily for labo-
ratory use under orclinary laboratory conditions; tem-
perature regulation of the laboratory, althc,ugh he Ipf ul,
is not required, The minimum detectable power, as
limited by thermal fluctuation and drift under t]pical
laboratory conditions, ranges from several tenths of a
microwatt for the millimeter wavelength models to
about 5 microwatt for the larger waveguide sizes. The
maximum power range is 100 to 300 milliwatts depend-
ing on the model. The vswr does not exceed 1.3 over the

‘6. U“nder Contract No, AF-30(602)-988, six <Iis. rete uni k,, one
coawal and live in waveguide, collective y cover i ng the range f ro,~l
o to 40,000 mc were delivered by the hficrowave F!es. Inst. of the
Polvtechuic Institute of Brrmklvn. Brrmklvn. N. Y.. to the Rome
Air’De}-. Ctr., Rome, N. Y. ‘ ‘

.

lb Under Contract No. DA36-039sc-64579, three discrete wave-

75,000 mcguide units collectively- covering the range from 26,500 to
were delivered to the Signal Corps Eng. Labs,, Fort hIonmouth,
N. J., by the Microwave Res. Inst. of the Polytechnic Institute of
Brooklyn, Brooklyn, N. Y.
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entire operating frequency band of a standard wave-
guide size. Collectively the instruments cover practically
the entire microwave spectrum in use today—a range
from zero to 75,000 mc. The broad-band rf loads are
rugged, and the calorimeters are not subject to a pulsed
power error as is the case for some bolometer elements.
Calibration is accomplished with dc power with an
equivalence error of less than several tenths per cent.
The over-all accuracy (root mean square of maximum
errors from independent sources), based on a careful
error analysis, ranges from ~ 1 per cent for the lowest
frequency waveguide calorimeters to *2* per cent for
the highest frequency waveguide units at the most
favorable power levels. The coaxial calorimeter has an
over-all accuracy of 2 per cent at the most favorable
power levels. The numerical data for individual sources
of error of coaxial and waveguide units are presented in
the companion paper. 1AThe thermopile outputs of the

various calorimeters range from 23 microvolt to 51 mi-
crovolt per milliwatt. Ordinary potentiometric measure-
ments can provide a power resolvability of from five to
two microwatt. The time constants range from little
over one minute to four minutes.

DESIGN CONSIDERATIONS

The following were the calorimeter design objectives:
1) good inherent sensitivity, 2) short time-constant,
3) well-matched rf loads (maximum vswr of 1.3 for the
entire operating band of a waveguide), 4) minimal rf-dc
equivalence error, 5) suppression of temperature drift
and temperature fluctuation effects. It will become clear
from the following discussion that the realization of the
first four aims places conflicting demands on the design
of the waveguide termination and the rf load located
within it so that design compromises must be made.

Since the calorimeters were intended to serve as
standards of microwave power measurement, a primary
design requirement was that the rf-dc equivalence error
be bracketed within narrow and determinable limits.
The conditions for minimizing this error become almost
intuitively evident if one considers a distribution of
power sources inside a closed, perfectly (thermally) -con-
ducting envelope. Because of its perfect conductivity
the envelope must be an isothermal. Because the rate of
heat loss from the envelope to the surroundings is pro-

portional to its temperature elevation, the steady-state
temperature rise of the envelope must be proportional
to the total power dissipated within it. The proportion-
ality constant is actually the thermal resistance of
the envelope tcj its surroundings and is entirely inde-
pendent of the distribution of power sources.17 In this
ideal case, it is clear, no equivalence error is possible.

IT The situation is exactly analogous to that of a closed perfectIy

conducting shell enclosing a distribution of electric charge. Potential,
capacitance, and charge in the electrical case correspond to tempera-
ture rise, thermal conductance, and power, respectively, in the thermal
case.

Now let the envelope take the form of a long thin-
walled metallic cylinder of finite thermal conductivity
from whose ends there is no leakage of heat and which
contains within it an axially located point source of
power. If it is assumed that heat is lost radially from the
surface at a rate proportional to the temperature rise
and area of the surface element from which it is escap-
ing, then it can be shown that the envelope is no longer
an isothermal but possesses a temperature distribution
which depends on the location of the source, However,
the integrated temperature rise (and therefore the aver-
age surface temperature rise) is still proportional to the
strength of the source and independent of its position
along the axis. Again there is no equivalence error if the
integrated temperature rise is used as an index of the
power. If heat is now permitted to escape from the ends
of the cylinder, not only does the temperature rise per
unit power input (averaged over the surface of the
cylinder) decrease, but it becomes a function of the
source position as well. Qualitative reasoning (as well as
analytic treatment) shows that the longer the cylinder,
the smaller the end losses, the greater the cross-sectional
thermal conductivity of the cylinder, the less sensitive
is the integrated temperature rise to source position, and
the smaller is the equivalence error produced by dissimi-
lar distributions of power sources of equal total strength.
It follows that the terminating calorimeter waveguides
should be long relative to the rf loads located within
them, should be constructed of metal having the highest
thermal conductivity, and should be conductively well
isolated from the metal jacket in which they are en-
closed. An approximate ratio of four to one in waveguide
to load length was found satisfactory for a 0.015-inch
wall thickness of silver waveguide well-isolated by suit-
able spacers from the enclosing metal jacket. Experi-
mental data on the equivalence error is presented fur-
ther on.

.4n rf load which closely resembles a point source will
produce negligible substitution error when the thermal
detectors are remote from the source. Requirements of
ruggedness, power handling capacity, and broad-band-
ing rule out bolometer wires and thermistor beads.
Tapered resistive strips axially oriented in the wave-
guide suggest themselves as broad-band loads. These
must be sufficiently long to give a broad-band match,
but for reasons of calorimeter sensitivity must be kept
as short as possible, so that the associated waveguide
termination will be correspondingly short. With in-
creasing frequency, as the attenuation per unit length
of the resistive material increases, shorter strips may be
used, together with shorter waveguides for containing
them.

The thermal conductance G of the waveguide to the
surrounding metal jacket (whose reciprocal R deter-
mines the temperature rise per unit power input) is com-
posed of the sum of four conductance GI, GT, GL, and
Gs. The first three of these, respectively, represent the
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conductive heat loss through the thermally isolating
section of guide connecting the termination to the jack-

et, the conductive heat loss through the thermocouple
wires attached to the waveguide, and the conductive
heat loss through the wire leads which connect the rf
load to the dc calibrating circuit. The last of these repre-
sents the combined heat loss from the waveguide surface
due to free convection and radiation. If end effects are
neglected the latter is given (in watts per “C) by

G,s = gpl

where pl is the outer surface area of the waveguide as
determined by the waveguide cross section perimeter
p and length 1 (in centimeters) and where the factor g
(which is approximately 10-3) represents the convective
and radiative heat loss per square centimeter per ‘C of
exposed waveguide surface. Once the minimum value
of 1 has been established (by considerations of load
length and equivalence error as described above) the
value of GS is fixed for a given waveguide cross section
and frequency band. The isolating section is so designed
that GI is small relative to GS while the thermocouple
wires and dc load leads contribute additional conduct-
ance which are less than about 10 per cent of the total.
The dominating term in G is therefore G,s, which, for a
given waveguide cross section, is proportional to the
waveguide length 1. As the operating frequency band
increases, both p and 1decrease, causing a corresponding
increase in the calorimeter sensitivity.

The time constant r of the calorimeter is given by
C/G, where C is the total heat capacity and G the total
conductance. The former is the sum of C,S, the heat
capacity of the terminating waveguide, CL, that of the
load and load holder, CT, that of the thermopile and at-
tached wires, and C1, the effective heat capacity con-
tributed by the waveguide isolating section because of
its partial heating by the absorbed power. Accordingly,

CS+CL+CT+CI
~=—

Gs+GL+GT+GI

The ultimate time constant ru maybe defined as Cs/Gs,
that belonging to a perfectly (conductively) isolated
piece of waveguide unencumbered by load or thermo-
pile. Here

C,s = pchplt

G,s = gpl,

p and chbeing the density and specific heat of the wave-
guide metal, respectively, and t its thickness. Accord-
ingly

f3cht
~u.——

g

and is therefore proportional to the thickness t of metal
used, being equal to approximately 100 seconds for

silver waveguide of 0.015-inch wall thickness.~a
In an effort to shorten the time constant the thickness

cannot be made arbitrarily small because a small rf-dc
equivalence error is dependent on gooci cross-sectional
heat conductivity which increases with thickness, Fur-
thermore, in seeking to reduce the time ,constan t one
ultimately reaches a point where any further reduction
in wall thickness is accompanied by a significant in-
crease in equivalence error with no substantial decrease
in time constant. This occurs when the contributory
heat capacities Cr, CL and CT (as well as those of flanges
which are sometimes required at the ends of the wave-
guide) begin to dominate the total heat capacit:y. (In
this connection it may be pointed out that a resistive
strip load is superior to a volume absorbing load because
of the smaller associated thermal mass and time con-
stant.)

To sum up, a short waveguide terminatic)n is desirable
in order to maximize the calorimeter sensitivity and a
thin-walled construction to minimize the thermal time
constant. However, the waveguide must be long rdative
to the rf load and sufficiently thick so as to keep the
rf-dc equivalence error within desired limits. Good con-
ductive isolation of the waveguide from the enclosing
jacket is desirable both to minimize the equivalence
error and to improve the calorimeter sensitivity. A re-
duction in convective and radiative heat loss from the
waveguide increases both sensitivity and time constant.
However, the gain in sensitivity might well be offset by
the larger errors (e.g., those due to temperature drift)
which are associated with the necessarily longer meas-
urement time. At higher frequencies increased sensi-
tivity and more compact construction are obtained be-
cause of the accompanying reduction ‘in waveguide
cross section and in rf load length.

The suppression of temperature drift and random
temperature fluctuations in the calorimeter is accom-
plished through use of thermal symmetry and massive
double shielding. The design seeks to achieve, to the
maximum degree possible, identical thermal behavior
on the part of the twin calorimetric bodies and identity
of the thermal forces impressed upon them because of
external temperature variations. If these two aims are
realized, then, theoretically at least, any arbitrary
change in outside temperature would prod, uce equal and
in-phase temperature variations in both bodies without
any effect on the temperature difference between[ them.
The first objective requires identical cc)nstruction of the
twin terminations, while the second requires that they be
surrounded by an isothermal envelope of very long
(theoretically infinite) time constant SC)that both bodies
see a uniform and unvarying temperature around therm
A thermally massive aluminum jacket approximates

18 silver is best because its heat capacity per unit volume is Smallelr

than that of most other suitable metals and therefore gives the short-
est time constant. Because of its superior thermal conductive ty, silver
also gives the smallest equivalence error for a given thickness.
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such an envelope by virtue of its high thermal conduc-
tivity and large thermal mass. The former property
minimizes temperature gradients along the jacket and
the latter prevents the jacket from appreciably follow-
ing the external temperature variations. The purpose of
an outer jacket is to surround the inner one with a simi-
lar isothermal envelope, thereby enhancing the total
shielding effect. The two jackets are conductively in-
sulated from each other by special waveguide sections
whose combined thermal conductance GI k small rela-
tive to the shunting convective and radiative conduct-
ance Gs existing between the jacket walls. The com-
bined conductance G, in conjunction with the thermal
capacities of the two jackets, forms a low-pass filter with
a very low-cutoff frequency, the approximate electrical
analog for which is the T section filter shown in Fig. 2.
This analog is particularly appropriate in representing
the behavior of the shielding system in the transient
case. The capacitances Cl and Cq represent the thermal
capacities of the inner and outer jacket, respectively,
and the electrical ground corresponds to the tempera-
ture of the reference or “dummy” calorimetric body.

+

Fig. 2—Simplified equivalent circuit of calorimeter shielding system
for transient conditions. C,, C, are the thermal capacities of the
inner and outer shieldingjaclcets,respectively;Gr is the combined
thermal conductance of the waveguide isolating sections; Gs is
the thermal conductance between the walls of the inner and outer
jackets; ground represents the temperature of the reference
calorimetric body; Ad is an impressed temperature change on the
entry waveguide of the “active” calorimetric body.

With the above type of construction, the effect of ex-
ternal temperature variations is reduced by a factor of
from two to ten thousand. As a result, internal drift
rates of approximately 5 X 10–4 to 10–4 ‘C per hour are
obtained for external ambient temperature variations
having a rate of I“C/hour. (A double shield system of
the type described is ten or more times “quieter” ther-
mally than a single jacket immersed in a stirred bath.
The latter has a “graininess” of temperature, due to the
impact of the stirred liquid on the jacket, which intro-
duces an unnecessarily large amplitude of thermal
noise. )

SOURCES OF ERROR

The main sources of measurement error are those due
to 1) lack of exact equivalence between rf and dc heat-
ing, 2) attenuation of rf power between input and
calorimetric termination, 3) drift of temperature caused
by external temperature variation, 4) nonlinear relation-
ship between thermopile emf and input power, and
5) errors in associated d(; instrumentation.

EQUIVAI.ENCE ERROR

The rf-dc equivalence error is attributable to differ-
ences in the dc and rf power distribution along the
tapered load strip. Such differences cannot altogether be
avoided if only for the reason that the power distribu-
tion generally varies somewhat with rf frequency. Be-
cause of the complexity of the problem, experimental
evaluation of the error is much easier and probably more
accurate than an analytic determination. Therefore, the
former approach was used.

The experimental technique was as follows: first the
steady-state thermopile output was measured as a func-
tion of the axial position of a point-like sourcelg inside
the thin-walled guide. A typical curve showing the per
cent deviation from maximum thermopile reading as a
function of source position is shown in Fig. 3 for a length
of RG-52/U waveguide of 0.015-inch wall thickness of
either silver or brass construction. (It is seen that the
maximum occurs near the half-way point in the guide
for both metals, the curve for silver being much flatter
than that for brass because of the larger thermal con-
ductivity of the former metal.) If the different power
distributions in the strip were known, the curve of Fig. 3
could be used to estimate the equivalence error for a
given position of the strip at a given frequency. Even
without a detailed knowledge of the distribution, how-
ever, limits of error can be estimated from the length of
the strip. For example, the RG-52/U loads are about
$ inch (1.6 cm) in length. Such a load, when situated in a
silver waveguide so that its midpoint coincides with the
source position yielding maximum thermopile reading,
would be subject to a maximum error of only 0.3 per
cent for the most extreme rf and dc power distribution
(e.g., all of the rf power concentrated at the center of
the strip and all of the dc power at either end, or vice
versa).

To delimit the error still further, studies20 were next
made of the temperature distribution along the strip at
various rf frequencies and for various dc input power
arrangements. (Because the heat loss from the strip is
mainly convective and radiative, the temperature rise
at any point is essentially proportional to the power
density at that point, the proportionality constant being
independent of position. The temperature distribution
may therefore be taken as a fair approximation to the
actual power density distribution. ) In one type of exper-
iment the temperature profile was measured by means of
an array of six equally spaced iron-constantan thermo-
junctions embedded in the bakelite backing of the strip
along the latter’s longitudinal axis. Tests of this ar-

19 In the experiments a point source of power was variOUdy aP-
proxirnated by a small piece of IRC resistance card mounted in a
bakelite block which was free to slide in the guide, an evaporated
metallic film of short length on a piece of glass tubing riding on a
mo~~able axially positioned bakelite rod, or a short length of de-
plated Wrollaston wire similarly mounted.

20 S. Satinsky, “Minimizing substitution errors in a microwave
calorimeter, ” M .E.E. thesis, Polytechnic Institl]te of Brooklyn,
Brooklyn, N. Y.; June, 1955.
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Fig. 3—Curves used in estimating calorimeter equivalence error. The
thermoDileouttmt of the calorimeter, exmessed in~ercentdevia-
tionfro’m maxi’murn response, is plotted”as a funct~onof the axial
position of a quasi-point source of power inside the waveguide.
Results are for two RG-52 /U waveguicfes of 0.0 15-inch wall thick-
ness, one brass, the other sil>-er.

rangement showed that the presence of the wires did
not appreciably disturb the temperature profile. A typi-
cal RG-52/U calorimeter strip load was used which,
with wires attached, had a vswr of 1.3 or better over the
entire operating band of the waveguide. The thermo-
couple wires were brought out perpendicular to the
plane of the strip through small holes in the side walls of
the waveguide in which the strip was mounted. The
wires were therefore at right angles both to the E lines
and to the axis of propagation and thus presented the
least disturbance to the rf field. (Measurement of the
effect of the wires alone showed that their attenuation
was negligible and their insertion vswr very small.) Pro-
vision was made for applying dc power in different dis-
tributions by scratching an appropriate contour in the
resistive material. Temperature distributions were ob-
tained at 500-mc intervals over a band from 8200 to
12,400 mc. A continuous but not very strong shift in
temperature distribution was observed as a function of
frequency, the power concentration tending to a maxi-
mum at the center of the strip. If a longitudinal dividing
scratch, extending part way from the back end toward
the tapered end of the strip, was engraved in the resis-
tive material and dc current circulated around this
barrier, a temperature distribution could be obtained
which resembled in a general way that due to rf power
absorption. The dc temperature maximum tended to
coincide with the end of the scratch mark where the dc
current density was a maximum. By adjustment of the
length of the scratch (which incidentally had no ob-
servable effect on the rf properties of the strip) the dc
temperature maximum could be made to coincide with
the average position of the rf maxima at the different
frequencies.

The equivalence error was obtained by comparing the
expected calorimeter reading per unit power input for
the experimentally determined dc load temperature dis-
tribution with that for the rf distribution which gave
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the most widely different result. This was done by com-
puting the weighted mean calorimeter reading for a
given temperature distribution (taking the latter as the
impressed power distribution for the thin-walled wave-

guide) using the ordinates of the curve of Fig. 3 as
weighting factors. The error evaluation was made for
the optimum strip position (center of strip near center
of waveguide) and also for a displacement of the strip
by one centimeter from the optimum position. The re-
sult for these two cases was an indicated error of 0.005
and 0.07 per cent, respectively, for silver waveguide and
of 0.013 and 0.26 per cent, respectively, for brass wave-
guide. Even allowing for imperfect scaling of waveguide
models of different frequency range, minor variations in
power distributions from load to load, and imperfect
positioning of load strips, one obtains an equivalence
error, based on the above data, well below 0.3 per cent
in the case of the silver waveguide calorimeters which
collectively cover the range from 7000 to 26,500 mc.

For the higher frequency calorimeters, separate ex-
periments were performed in which the dc temperature
profile was determined by probing the strip with a single
movable thermocouple. (The loads were tapered thin
mica strips on which a resistive metallic film had been
evaporated. ) The region of rf power concentration was
determined by an auxiliary experiment in which the at-
tenuation of rf power at three typical frequencies (at
band limits and midrange) was determined as a func-
tion of film length. The peak of the dc power distribu-
tion was adjusted so as to coincide approximately with
the peak of the rf power distribution. From an experi-
mentally obtained curve of thermopile reading vs point
source position, together with the information on rf and
dc power distributions, the rf-dc equivalence error is
estimated to be less than 0.3 per cent for the higher
frequency models.

In the case of the coaxial calorimeter a disk-type con-
centric resistive film load is used oriented in a plane
transversezl to the axis of propagation. Theoretically, the
rf and dc power distributions should be identical be-
cause of the identity of the rf and dc electromagnetic
field configurations. .4ctually, there will be some varia-
tion because of the distributed reactance associated
with the load and any auxiliary matching structures.
However, because of the transverse orientation of the
disk these minor dissimilarities in distribution will pro-
duce an almost negligible equivalence error.

ATTENUATION OF RF POWER

Since any attenuation of rf power between input to
the calorimeter and the site of rf power dissipation (the
termination; i.e., the terminating waveguide with its re-
sistive load strip) can be applied as a correction, the
error from this cause is basically the uncertainty in the

21.& transversefilm would also have beenadvantageous in wave-

guide from the point of view of substitution error. However, the
longitudinally oriented load is more readily matched over a broad
band in rectangular guide.
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measured attenuation. The problem is, however, com-
plicated by two factors—the non-negligible reflection
factor of the termination and the equally non-negligible
insertion vswr of the rf line connecting the calorimeter
input to the termination. Even if the attenuation (i. e.,
insertion loss between matched generator and matched
load) of the latter were measured perfectly there would
still be an uncertainty in the correction because of the
above two factors. Therefore, in estimating the total
error, due attention must be paid to this problem. This
is treated in more detail in the companion paper.14

DRIFT ERROR

The error due to drift of calorimeter “zero” tends to
increase with the physical size of the calorimeter and the
rate of change of the external temperature. Also, the
longer the time constant the larger is the error because
of the longer measurement time required. The magni-
tude of this error for the different calorimeters is given
in Table 11114for an assumed ambient temperature drift
of I“C/hour. (This error would, of course, be much less
in a temperature-controlled room. ) The drift error, in
any event, may be substantially reduced by means of a
measurement procedure14 which corrects for the zero
drift. This procedure involves the measurement of the
input power in terms of the arithmetic mean of the
change in output emf during the heating and cooling of
the termination. Any steady drift is thereby cancelled
out of the measurement while any reversal in drift direc-
tion during the measurement leaves the error uncor-
rected. In the latter case, however, the correction is
unimportant because the drift is generally quite small
during a reversal in drift direction.

NONLINEARITY ERROR

The steady-state power sensitivity (thermopile out-
put per unit power input) is found to decrease with in-

creasing power level. This shows that the relation be-
tween calorimeter reading and input power must be a
nonlinear one. Actually, the relation is approximated by
the expression E = KP”, where E is the thermopile emf,
P the power input, and K and n constants for a particu-
lar calorimeter. The exponent n varies with the physical
size of the calorimeter termination but is always less
than unity. (In the case of the RG-52/U model, for
example, n is approximately 0.93. ) The reason for this
behavior can be traced to the predominantly convective
cooling of the calorimeter which is a nonlinear phe-
nomenon.4 The nonlinearity may be responsible for a
calibration error unless the calibrating power is very
closely equal to the unknown rf power. For some calo-
rimeters this error may exceed one per cent at high
power levels, where the nonlinearity is greatest, if the
calibrating power differs by more than 10 per cent from
the unknown power.

INSTRUMENTATION ERROR

The instrumentation error, defined as the error in
measuring the calibrating dc power, can be kept to a
very small value (better than 0.25 per cent) relative to
the other errors, by using precision dc measurement
techniques. This is discussed in the companion paper.14

CONCLUSION

This paper has presented the basis for the design of a

series of accurate, dry, broad-band calorimeters of high

sensitivity. Of particular importance is the fact that all

sources of error are clearly delimited so that a definite

precision measure can be given when the devices are

used in microwave power measurements. These instru-

ments can therefore readily be used as power standards

within the accuracy limits stated.


