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Temperature Compensation of Total
Power Radiometers

David A. Thompson, Robert L. Rogers, Senior Member, IEEE, and John H. Davis, Member, IEEE

Abstract—This paper describes a new technique to compensate
output variations of total power radiometers due to physical tem-
perature changes of the instrument. This technique performs the
correction without the addition of expensive microwave hardware
required in Dicke switching or many other widely used methods. A
characterization period, over which the input antenna temperature
is known, indicates the appropriate output adjustment needed for
a change in physical temperature of the radiometer. The method
effectively corrects the output in an example radiometer system
built with inexpensive commercially available parts. For a 30-K
variation in physical temperature, the measured data shows an im-
provement from 60-K peak-to-peak error to 6.9 K with an average
absolute error of 1.1 K.

Index Terms—Microwave radiometer, microwave receiver,
passive sensing, remote sensing, temperature compensation, total
power radiometer.

I. INTRODUCTION

ATOTAL power radiometer collects, amplifies, and detects
electromagnetic radiation. Calibrating the instrument con-

sists of finding parameters relating the received power to the
temperature of a black body producing an equivalent amount of
power. If the characteristics of the radiometer change after cali-
bration, the parameters become invalid. Normal applications ex-
pose the instrument to physical temperature variations causing
corresponding changes in the radiometer’s uncorrected output.
The temperature-compensation method uses the physical tem-
perature of the entire receiver to adjust a set of coefficients,
which compensate for both gain and receiver noise variations.
A characterization period, over which the input antenna tem-
perature is known, indicates the appropriate output adjustment
needed for a change in physical temperature of the radiometer.

In this paper, we will refer to a two-point calibration in the
sense commonly used with radiometers. In a two-point calibra-
tion, the receiver (radiometer) looks at known loads and utilizes
their associated outputs to infer the relationship between the
output voltage and antenna temperature. This calibration only
corresponds to a single physical temperature of the receiver. In
contrast, the temperature-compensation method’s characteriza-
tion relates the antenna temperature and the output voltage for
a range of physical device temperatures. Once the radiometer
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output is characterized according to the physical temperature,
calibration is no longer necessary since the output is compen-
sated. In principle, this characterization should be valid as long
as the physical configuration of the radiometer is maintained.

Historically, output variations have been handled by recali-
brating periodically [1] or by using switched-type radiometers
[2]–[13]. Constant recalibration gives less time for data
collection, and switched radiometers have lower sensitivity,
greater complexity, and higher cost compared to total power
radiometers. Switching methods all require extra microwave
hardware (low insertion-loss microwave switches, calibration
loads, etc.). In contrast, the temperature-compensation method
does not need these components. It is, therefore, less expensive
to implement and suitable for applications where instrument
cost is a major concern.

Many applications require radiometer systems in which only
limited power is available. The temperature-compensation
method offers reduced power consumption when compared
to switching techniques by eliminating the significant power
consumption of the microwave switches, such as latching
circulators and p-i-n diode switches. Although a programmable
microcontroller would be needed, a microcontroller requires
far less power than the switches they replace. This method also
eliminates the need for active temperature stabilization of the
radiometer since the output variations due to changes in the
physical temperature are corrected. Thus, power savings can be
realized by avoiding active heating or cooling of the radiometer
to maintain a constant temperature of the electronics.

Temperature compensation has been suggested by previous
authors, but not fully implemented. Skou [14] suggests a method
using the physical temperature to compensate for gain varia-
tions for an unbalanced Dicke-switched radiometer. However,
this did not eliminate the need for a front-end Dicke switch.
Al-Ansari et al. [15] used a temperature-correction scheme for
a total power radiometer. However, only gain variations of the
RF amplifiers are included and the method does not allow for
fluctuations in uncorrected output data caused by receiver noise
temperature changes.

II. TEMPERATURE COMPENSATION OF

CALIBRATION PARAMETERS

Fig. 1 shows a block diagram of a total power radiometer. The
power at the input to the square-law detector diode is

(1)

where is the Boltzman’s constant, is the antenna temper-
ature we wish to determine, is the receiver noise, is the
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Fig. 1. Block diagram of total power radiometer.

bandwidth of the pre-detection filter, and is the gain along the
signal path. After detection, an amplification of and offset of

condition the signal for data acquisition giving

(2)

where is the diode output voltage and is the sensitivity of
the diode. As long as , , , and remain constant, the
output voltage depends only on the antenna temperature.

A calibration, defined by a slope and offset , maps the
voltage to a calibrated output of

(3)

If we require the calibrated output to be equal to the antenna
temperature, the calibration coefficients take the following
forms:

(4)

(5)

A shift in physical temperature causes changes in the low-fre-
quency op-amp circuitry ( , ) [14], diode sensitivity, gain,
and system noise [16]. By tying all components to the same heat
sink and assuming that the characteristics of any component is a
single-valued function of the heat-sink temperature, the calibra-
tion coefficients are also single-valued functions of the physical
temperature

(6)

(7)

One can expand these in a power series form to get

(8)

(9)

where and are constants
to be determined. In practice, one only uses a few terms in (8)
and (9) and determines the coefficients by using a characteriza-
tion period as described in Section III.

III. CHARACTERIZATION

In order to determine the calibration coefficient constants of
(8) and (9), we obtain data in a calibration period over which
the dependence of the output of the radiometer on its physical
temperature is characterized. During this time, one finds a set
of the ’s and ’s defined above using a least squared error
method. Outside of this characterization period, no further cali-
bration is necessary. The output voltage from the radiometer and

the results of the characterization determine the calibrated and
corrected antenna temperature.

The procedure uses the un-calibrated radiometer output
voltage, physical temperature, and known antenna temperature
produced by a calibration load. Using (3), we can define an
error at each sample in time during the period as

error

(10)

An approximation to (8) and (9) is used here with two terms
in the slope and three in the offset, although more terms could
have been used. We can now utilize the method of least squared
errors over all samples in the characterization period to find the
constants. Outside the characterization period, we find the an-
tenna temperature using

(11)

To minimize the error in the predicted ’s and ’s, the charac-
terization should use the largest expected range of both physical
and antenna temperature in the data. The range of physical tem-
peratures used for the characterization should be at least as great
as the range of physical temperatures the radiometer is expected
to experience in operation. In addition to the requirement to ob-
serve changes in the physical temperature of the radiometer, one
must also observe changes in the temperature of the input load.
Observing these temperatures along with the raw output voltage
of the radiometer allows the ’s and ’s in (10) to be obtained
by least squares fitting. Wider temperature ranges provide better
values for the parameters. However, doing so will give multiple
data points over a wide spread in antenna temperature for a given
physical temperature. If one expects large differences in the tem-
peratures entering the antenna, the nonlinearities of the ampli-
fier or deviation of the detector from square law behavior could
cause errors of the extent of the small-signal changes of interest.

IV. RADIOMETER AND CALIBRATION LOAD

We designed the radiometer to demonstrate the effectiveness
of this method on a low-cost receiver. To meet this end, we did
not include an RF amplifier between the antenna and mixer. This
places great importance on compensating for temperature-de-
pendent system (receiver) noise. The radiometer operated at
26 GHz, and its parts are listed in Table I. As shown in Fig. 1,
signals were immediately down converted to baseband after the
antenna. They then entered an inexpensive dual stage IF am-
plifier with approximately 65 dB of gain when averaged over
a 1-GHz bandwidth and a 2-dB noise figure. With the 7.5-dB
conversion loss of the mixer and its noise, the radiometer’s total
noise figure was significantly higher than the amplifiers’ and
was estimated from the random fluctuations on and the esti-
mated bandwidth (discussed below) to be approximately 9.5 dB.

To get an idea of how different components can affect the
output signal of the radiometer, we measured the physical
temperature dependence of the gain–bandwidth product of the
amplifier–filter combination, amplifier noise temperature, and
diode output voltage. The gain of the amplifier varied with
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TABLE I
COMPONENTS USED IN THE TEMPERATURE-COMPENSATED RADIOMETER

frequency, as well as temperature. Its gain began rolling off
before the 1-GHz cutoff frequency of the low-pass filter. For
this reason, it is necessary to measure the gain–bandwidth
product BG defined as

(12)

where is the frequency-dependent amplifier gain, and
is the cutoff frequency of the filter. We measured the fre-

quency-dependent gain on a Hewlett-Packard 8752A network
analyzer in 0.5 C increments at physical temperatures between
7.5 C–56.5 C. We used (12) to get the gain–bandwidth
product at each temperature.

A Hewlett-Packard 8970A noise-figure meter and 346B noise
source measured the noise temperature in a 4-MHz bandwidth
centered at 29 discrete frequencies between 100–500 MHz. The
noise power output by the amplifier over the low-pass filter’s
passband is

(13)

where is the amplifier’s frequency-dependent noise
temperature. We can define an effective noise temperature
such that noise power out of the amplifier is

(14)

Combining (13) and (14), the effective noise temperature is

(15)

Note that this is at a particular physical temperature. This
means that , , and must be measured at the
same physical temperature. We did this in 1 C increments from
10 C to 53 C.

The diode detecting a radiometer’s signal sees a band of fre-
quencies. To simulate this, we constructed a noise source from
the amplifier with a terminator on the input. The noise source
was held at a constant temperature. The amplifier output was fil-
tered with the same low-pass filter used in the radiometer. The
power was attenuated to a level of 28.7 dBm before detection.
Measurements of the detector diode showed that systematic de-
viation from square law behavior was not measurable below

24 dBm of input power. The output voltage was given a known
dc amplification and collected continuously using a National In-
struments PCI-6023E data acquisition card and a computer as
the diode’s temperature was varied between 0 C–45 C.

In each case, straight lines with the following equations fit the
data very well:

(16)

(17)

(18)

where is in hertz, is in kelvin, is in volts, and
is in Celsius. The standard deviation between the line and the
gain–bandwidth product data is 4.73 10 Hz with a maximum
deviation of 1.56 10 Hz, which is 0.48% different from the
linear value. The effective noise temperature has a standard de-
viation from the measured data of 0.57 K and a maximum devi-
ation of 1.8 K or 1.1%. The diode output voltage has a standard
deviation from the line of 9.90 10 V, and the maximum de-
viation is 4.08 10 or 0.23% from the linear fit.

Due to the conversion loss of the mixer, the noise as defined at
the receiver input varies more radically than (17) implies charac-
terizing the amplifier alone. It would change by 4.7 K per kelvin
of physical temperature change instead of 0.84 K per kelvin.
This assumes a constant conversion loss of 7.5 dB and assumes
the amplifier noise after down-conversion is the dominant added
electronic noise. Both the noise and conversion loss of the mixer
also vary with temperature. We noted that the conversion loss of
the mixer did change when its temperature fluctuated. We also
measured the ceramic filter. It is quite stable and changes by
less than 0.04 dB over the entire passband for a 40-K tempera-
ture swing.

We performed all antenna temperature measurements while
looking at a calibration load. The load we used was a piece of
microwave absorber contained in an insulated box with a Styro-
foam RF window. A thermocouple measured the absorber tem-
perature, and fans circulated air about the absorber to minimize
any temperature gradients [17]. We could vary the load temper-
ature by heating the circulating air via a heating blanket over
which the air flowed. One also could use cold loads or a known
sky temperature to further the calibration range. The antenna al-
ways was pointed at the load during the test. Therefore, the ra-
diometer output corresponded to a known antenna temperature.
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Fig. 2. Radiometer’s physical temperature.

Fig. 3. Data with two-point calibration, but no temperature compensation.

This arrangement allowed us to use any of the collected data for
calibration and allowed us to calculate an error outside of the
characterization period as the difference between the reading
and load temperature.

V. MEASURED RESULTS

Data was taken for 15 days between February 14–March 1,
2002, at the Applied Research Laboratories, The University of
Texas in Austin. A cold front passed through Austin, TX, on
the ninth day of taking data. Fig. 2 shows the physical tempera-
ture of the radiometer. For comparison purposes, a standard two-
point calibration procedure was performed for a total power ra-
diometer to obtain the calibration coefficients [18]. This method
places two different temperature pieces of microwave absorber
[19] and in front of the antenna and records the corre-
sponding output voltage and . Using (4), the coefficients
are

(19)

(20)

The antenna temperatures obtained from the two-point cali-
bration (Fig. 3) do not follow the load temperature. In fact, the
receiver variation with its physical temperature is so large that it
forces the output signal up instead of down even though the load
temperature is going down. The reverse is also apparent when
the ambient temperature increases. The radiometer output has a
peak-to-peak error of around 60 K. We performed the two-point
calibration immediately before the data collection. The physical
temperature of the radiometer was 23.3 C, and the two load

Fig. 4. Temperature-compensated radiometer output with the compensation
calculated using a two-day characterization period.

Fig. 5. Temperature-compensated radiometer output with a three-day
characterization period that includes a larger physical temperature variation.

Fig. 6. Comparison of error between the data with a two-point calibration and
the three-day characterization.

temperatures were 21.6 C and 57.6 C. The radiometer looked
at each load for 30 s, the response was averaged over this period
to get a better radiometric sensitivity, and (19) and (20) gave
the calibration coefficients. was 141.58 C/V, and was

281.92 C.
By using the temperature correction with the first two days

as a characterization period (Fig. 4), the peak-to-peak error de-
creases to 7.5 K with an average absolute error of 1.1 K. Since
this period does not include the full range of the physical tem-
perature swing, the characterization period shown in Fig. 5 that
includes the full range gives better results. It has a peak-to-peak
error of around 6.9 K and an average absolute error of 0.9 K. A
comparison between the error using this characterization period
and the uncompensated results is given in Fig. 6.
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Fig. 7. Error for characterization periods including different ranges of the physical temperature of the radiometer.

Fig. 8. Error for characterization periods including different ranges of the load temperature.

VI. CHARACTERIZATION RESULTS

Errors start to increase when and values begin ex-
ceeding the ranges used in the characterization. To see the ef-
fects the characterization ranges have on the error, we can order
the data according to the physical or antenna temperatures. We
can then calibrate over specific ranges in these temperatures and

examine the error. Figs. 7 and 8 give the error when the charac-
terization is performed for different thirds of the physical and
load temperatures, respectively. The range used for characteri-
zation is indicated on the graphs. The error within any character-
ization period is less than 3.5 K. The characterization does not
become immediately invalid as one moves away from the char-
acterization range and stayed within 7 K in the ranges directly
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adjacent. However, the further one moves outside the range, the
more the error increases.

VII. DISCUSSION

This paper has shown a simple, inexpensive, and effective
method of correcting output variations in total power radiome-
ters due to changes in physical temperature. It has done so
for a radiometer that allowed all of its components to change
temperature over a wide range. It has addressed the handling
of changes in system noise temperature due to physical tem-
perature changes left out of previous studies using the tem-
perature as a correction. This method provides a means to
take advantage of the simplicity and sensitivity of the total
power radiometer without the expense of the added microwave
hardware of switched radiometers. Although it does not pro-
vide as precise of a measurement as switched radiometers, or
temperature-controlled radiometers, it does provide a simple
and inexpensive way to substantially reduce sensitivity of the
output signal to changes in the physical temperature. The
Dicke-switching requirement is absorbed into the microcon-
troller program, resulting in significant power and cost savings.

Possible improvements can be made in the current system.
First, multiple temperature probes could be placed as near as
possible to the temperature-sensitive components. This would
be used in combination with a multivariable Taylor expansion
of the calibration coefficients. Such a setup might decrease er-
rors caused by a single probe not representing the temperature
changes of all components. Second, the errors in physical tem-
perature measurement caused by the probes and associated cir-
cuitry could be decreased. Third, all errors in the measurement
of the load temperature could be minimized. Although the fans
in the load were supposed to decrease the gradients in tempera-
ture across the microwave absorber, some could still exist. Fur-
ther work is needed to determine the true limits of the tempera-
ture-compensation method.
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