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Coaxial Flow Calorimeter for Accurate RF Power
Measurements up to 100 Watts and 1 GHz

Figure 1: Block diagram of the calorimeter used as the starting point for this project
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Historically, there have been
two methods for establishing the
traceability of RF power measurements at power levels higher
than a few watts. One method is
to use low-power sensors traceable through microcalorimeters
operating in the mW range [4].
To establish traceability using
this method, you measure the
insertion loss of attenuators or
couplers using low power sensors, and then cascade these attenuators or couplers to provide the
required attenuation or coupling
factor to enable the measurement
of high power.

uncertainty of 3% to 4% [5], and once we did that, developing
but this method is thought to be instrumentation and methods that
“cumbersome and lengthy”[8]. minimize these errors.

The other method is the direct
measurement of high power
using a calorimeter. Calorimeters convert the electrical energy
from an RF source into thermal
energy by means of a liquidcooled resistive load. The calorimeter measures the temperature
rise in the coolant, which is proportional to the RF energy dissipated by the load. When done
correctly, measuring RF power
with a calorimeter can be very
accurate. Commercially-available calorimeters [2][7] have meaThis method has been refined surement uncertainties of approover the years, and NIST reports ximately 1.25%.
that they can now calibrate transfer standards with an uncertainty We have developed a system
of 0.67% [3][8] for 100 W mea- that has reduced this measuresurements below 1 GHz. This ment uncertainty. We accomuncertainty seems adequate to plished this by first finding as
provide traceability for typical many of the sources of error in
power sensors with an overall a flow calorimeter as possible,

How calorimeters work
A block diagram of the calorimeter we used in our research is
shown in Figure 1. RF energy
enters the liquid-cooled RF load
at the upper right, and heats cool
water from the coolant reservoir.
The warmed water then flows
through the thermopile, which
generates an output voltage that
is proportional to the temperature difference between the cool
water and warmed water.
A turbine flowmeter measures
the flow of coolant. The flowmeter outputs pulses that are
converted to a voltage by a frequency-to-voltage converter.
To regulate the temperature of
the water returning to the coolant reservoir, this calorimeter
uses a temperature sensor, PID
77

RF & Wireless

Figure 2: This application automatically records calibration data, sets power levels, and tests readings to eliminate errors due to using
unsettled readings
controller, and solenoid valve.
This method maintains a more
constant reservoir temperature
than units that use an air radiator to cool the coolant.
The displayed power is the product of the thermopile voltage
and the voltage from the frequency-to-voltage converter.
Slope calibration is provided by
a potentiometer, and no adjustment for zero is present.

accurately when compared to
RF measurements, source error
is not a factor. The other factors
which could cause measurement
errors include:

Effective efficiency: This is
the difference between how the
60 Hz calibration source heats
the load coolant and how RF
energy heats the load coolant.
This difference is caused by reactive current concentrations, skin
You calibrate the calorimeter by effect, and dielectric losses. The
supplying accurately-measured change in location of heat dissi60 Hz power to the load. Since pation is small at 1 GHz, and if
60 Hz AC can be measured very the load is well insulated, most
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of the heat finds its way to the
coolant, anyway. Only if large
changes in location of heat dissipation increase or decrease heat
lost through the connector or
mounting flange can the effective
efficiency of the load change.
Reflection: The load will reflect
some of the power and not dissipate it. This reflected power
is dependent on the input frequency. While this error can
be significant, it is possible to
measure the reflected power and
compensate for it.

Thermal Offset: This is the heat
lost or gained from the ambient
at any part of the coolant or load
system to the right of the thermopile on the block diagram.
This loss is a function of the difference between the average coolant temperature and the ambient
temperature, and is minimized
by limiting thermal paths between these parts and ambient.
The load’s input connector, being
metallic, is a significant source
of thermal offset error.
The voltage output of a thermopile is nonlinear with respect to
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Figure 3: The hardware and software improvements we made improve the uncertainty of the calorimeter to 0.43%
ture, and a maximum tempeboth the temperature gradient
rature rise of 1 degree, these
and the average temperature of
errors are small, but also easy
the thermopile. With a coolant
to correct for.
flow sufficient to result in small
(one degree) temperature rises,
the assumption of linearity is • Instrumentation error:
These include A/D converreasonably accurate. It is easy
sion
errors and counter/timer
to linearize the thermopile in
errors.
software.
• Flowmeter error: Any errors • Time shifting errors: This
type of error is caused by the
converting flow velocity to
long time constants related
a digital quantity will result
to a large thermal system.
directly in power error.
Changes in ambient temperature, flow rate, input power,
• Coolant properties: The
solenoid valve setting, and
density, viscosity, and mass
indeed nearly anything that
heat capacity of the coolant
affects the temperature of
all change with temperature
one part of the calorimeter
and can cause errors. With a
before another, result in a
controlled reservoir tempera-

temporary error in reading.
A system using a calorimeter
as a standard must have either
an experienced operator deciding when the calorimeter is
“settled” or software programmed to make that decision.
Even an experienced operator
can be fooled into accepting
readings that appeared to be
settled, even when a thermal
“bump” was not finished propagating through the system.

zero offset of 0.54 Watts with a
95% interval of ±0.1 Watt, and
a slope error of 4% with a 95%
interval of 0.16%. The span of
test-to-test repeatability at full
power (100 W) was approximately 1 W. The correlation coefficient to a linear fit was higher
than 0.999. Our conclusion was
that the calorimeter was adequately linear to meet our customer’s
goal of 0.5% of full scale error,
but we needed to improve the
repeatability and to control and
correct the offset error.
Initial test results
During these tests, the AC source
We first calibrated our calori- was supplied through an autometer at 60 Hz from 10 W to transformer to the RF load. Since
100 W, with steps 10 W. The we surmised that voltage fluctucompiled results indicated a ations in our facility may

Figure 4: A Windows program controls this test setup to automatically
calibrate through-line wattmeters that are used as transfer standards
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Figure 5: This program automates calibration of Bird 402x series wattmeters and reduces settling error that would have been caused
by operators making decisions about which readings to accept
have contributed to the repeata- Hardware changes
bility problems, we decided that included
the new system would include a
• Adding thermal insulation to
regulated AC source.
the load and piping to reduce
Similarly, initial testing was conthermal offset errors.
ducted with facility water cooling the heat exchanger instead • Replacing the flowmeter with
of a chiller as shown. This may
a turbine-type meter with a
have resulted in variations in heat
lower full-scale value. This
rejection by the heat exchanger,
improved the flow measurealso contributing to repeatability
ment repeatability and reduerrors. The facility supply was
ced the noise.
replaced by a precision laboratory grade chiller/circulator unit • Adding a platinum RTD to
the RF load’s inlet and outlet
to eliminate this source of error.
tubes. This allows us to make
accurate coolant temperature
Hardware and software
measurements, which we use
improvements
when compensating for the
To improve the performance
change in coolant properties.
of our calorimeter, we made a
number of hardware and soft- • Building new signal conditioning circuits using lowware modifications in addition
drift amplifiers for the therto the changes in calibration
mopile, air temperature, and
source and heat rejection sink
RTD circuits.
described above:
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• Replacing the A/D converters core of most of the accuracy
with high-accuracy converters improvements.
with low zero drift.
• Developing an automatic calibration program, running on a
• Replacing the analog freWindows workstation, which
quency-to-voltage converters
automates calibration and
with hardware counter/timer
adjustment of the calorimeter,
circuit and high-accuracy cryfinding the coefficients in a
stal clock.
piecewise linear calibration fit.
• A dding a data-acquisition
microprocessor to handle coll- • Developing an automatic calibration program which autoection and filtering of data
mates the use of the calorifrom the hardware.
meter to calibrate and adjust
• Adding a LINUX-based discommercial high-power
play controller to provide
through-line RF wattmeters.
system model algorithms and
an LXI user interface.
Calibration software
To automatically calibrate
the calorimeter, we created a
Windows program, shown in
Developing a calorimeter system Figure 2, to control a signal
model and implementing each generator, AC reference power
element of the model in soft- meter, and the calorimeter. In
ware. This system model is the addition to relieving an opera-

Software changes
included
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Figure 6: With the improved calorimeter and our calibration program, we are able to calibrate through-line wattmeters with an
uncertainty of 0.55%
tor of the task of recording data
and setting power levels repetitiously, the software applies
a test to readings to eliminate
errors due to using unsettled readings. If the standard deviation
of five readings taken 30 seconds
apart is not less than 0.05 Watts,
additional readings are taken
until the criterion is satisfied, at
which time the average of the
five points is used as the reported
result. This software also computes the coefficients of a piecewise linear fit to the calibration
data and offers the operator the
opportunity to adjust the calorimeter by loading in the new
coefficients.

Error Budget
The full error budget for the calibrated calorimeter at 100 Watts
is given in Figure 3. The hardware and software modifications
we made reduced the uncertainty
to 0.43%. Note that the largest
contributors to the estimate are
repeatability items, such as the
flowmeter and AC source stability. Repeated tests at 100
Watts, 60 Hz, have yielded a
standard deviation of approximately 0.15 Watts, slightly lower
than the repeatability estimated
from source and flowmeter specifications.

dows program to control an RF
source, the calorimeter, and the
Device Under Test (DUT) wattmeter. This test setup is show in
Figure 4.
The user interface is shown in
Figure 5. The program reads the
calibration frequencies from the
DUT, conducts the tests, and will
either verify the DUT or reprogram (adjust) the DUT. Additional features are leveling test
power by means of adjusting settings in the generator ALC, and
checking for appropriately low
standard deviation of points to
be averaged. Also automated is
the switching between high-band
and low-band amplifier sets.
Using this program, several
wattmeters previously calibrated
using the Bramall method were
calibrated using the Calorimeter.
The results compared satisfactorily within the error budget of
the test, as shown in Figure 6.

Conclusions

We have obtained very good
results with this system. We were
able to improve the uncertainty
of a 100 W, 1 GHz flow calorimeter to 0.43% of full scale,
and using this system, throughline wattmeters can be calibrated automatically with an uncertainty of 0.55%. We were able
Using the Calorimeter
to do this by creating a detailed
Our improved calorimeter is physical model of the calorimeintended to calibrate through- ter. The model simplified error
line wattmeters that are used analysis and made error correcas transfer standards. Because tion straightforward.
of the lengthy process of calibrating at up to 21 frequency This calorimeter is currently
points, automation is required. deployed and calibrating worTo do this, we created a Win- king standards for laboratory use.
hf-praxis 12/2017
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