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A radiometer detects electromagnetic radiation and relates it to the 

temperature of a black body emitting an equivalent amount of power.  The 

simplest and least expensive radiometer design is the total power radiometer.  

Unfortunately, it suffers greatly from slow drifts in its output.  This dissertation 

examines some sources of the drift and gives two different methods to correct the 

output of a total power radiometer.  The first uses a pilot signal to give insight 

into changes in amplifier gain and adjusts the output accordingly.  The second 

uses the physical temperature of the radiometer to indicate the correction needed.  

This work refers to the two methods as the pilot signal correction method and the 

temperature compensation method.  Both utilize training or calibration periods to 

determine the appropriate output adjustment given a change in the pilot signal or 

physical temperature.  The two methods are effective in correcting the drift.  
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However, the pilot signal does not supply any information that cannot be derived 

from the simple physical temperature measurement.  Therefore, the complication 

of introducing and monitoring the pilot signal makes the temperature correction 

method superior. 
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Chapter 1: Introduction 

A radiometer detects electromagnetic radiation and relates it to the 

temperature of a black body emitting an equivalent amount of power.  The 

simplest and least expensive radiometer design is the total power radiometer.  

Unfortunately, it suffers greatly from slow drifts in its output.  Calibrating the 

instrument obtains a set of coefficients relating the received power to the 

temperature readings.  If the characteristics of the radiometer change after 

calibration, the coefficients become invalid.  Typical applications expose the 

instrument to physical temperature variations.  These cause erroneous drifts in the 

radiometer’s readings.   

This dissertation examines two different methods to correct the drift in a 

total power radiometer.  The first uses a pilot signal to give insight into changes in 

amplifier gain and adjusts the output accordingly.  The second uses the physical 

temperature of the radiometer to indicate the correction needed.  This work refers 

to the two methods as the pilot signal correction method and the temperature 

compensation method. 

Chapter 2 looks at the model for a total power radiometer and examines 

some of the sources of drift.  It then discusses the current methods of drift 

correction.  Chapter 3 examines the temperature dependent characteristics of the 

components comprising the pilot signal and temperature compensated 

radiometers.  Chapter 4 explains the pilot signal correction method, while chapter 

5 looks at the temperature compensation method.   Chapter 6 summarizes the 
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important results and points to further work and improvements that could be 

made. 
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Chapter 2:  Total Power Radiometer 

2.1  Introduction 

This chapter describes a mathematical model for a total power radiometer.  

It then uses this model to analyze the drift in terms of the contributions of 

individual components' fluctuations.  Although some sources develop similar 

models [1], the one presented is more detailed and includes the system noise 

temperature variations others neglect.  It displays the relative effects of 

component variations on the drift in terms of system noise, gain, and diode 

sensitivity changes.  Next, we examine current drift correction techniques 

including two that use the radiometer's physical temperature to perform a 

correction.  The chapter points out the inadequacies of these methodologies on the 

basis of complexity, cost, reduced sensitivity, or using a correction technique that 

neglects some source of the drift. 

 

2.2  A Model for a Total Power Radiometer 

Figure 2.1 shows a simplified model of a total power radiometer.  Power 

enters the ideal antenna and adds to an equivalent system noise.  The noise 

described this way accounts for any generated by the physical components of the 

real radiometer.  A mixer and local oscillator down converts the signal to base-

band, where it is amplified, filtered, and detected.  A single amplifier represents 

the gain of the total pre-detection system; an ideal filter determines the bandwidth 

of the radiometer; and a diode performs the detection.  
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Figure 2.1: Block diagram of a total power radiometer. 

 

In the microwave region, a radiometer looking at an object that produces 

an input temperature, RT , captures an average power, inP , given by 

 BkTP Rin=  (2.1) 

where k  is Boltzman’s constant, and B  is the bandwidth of the radiometer [1] 

[2].  Although more power may enter the antenna, we are only concerned with 

what lies in the pre-detection bandwidth reaching the diode.  So, we restrict inP  to 

the low pass filter bandwidth B . 

Depending on the actual parts used, the power of the internally generated 

system noise is comparable to if not several times the size of the received signal 

power.  To easily account for the noise, one relates it to an equivalent noise 

temperature, sysT , such that the average system noise power, sysP , referenced to 

the same position in the system as RT  is 
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 BkTP syssys =  (2.2) 

Adding sysP  to inP  gives the mean power, mP , entering the mixer. 

 ( )BTTkP sysRm +=  (2.3) 

Because the amplifier gain includes all losses and sysT  incorporates all the noise, 

the mixer simply down converts the signal to bass-band and retains the same 

signal power mP .  After filtration and amplification, the average power seen at the 

input of the diode is 

 ( )BGTTkP sysRd +=  (2.4) 

where G  is the amplifier gain.  The diode is a square law detector and outputs a 

voltage, dV , directly proportional to the input power.  If we represent the 

conversion factor, or diode sensitivity, as a , the average output voltage is 

 ( )BGTTakV sysRd +=  (2.5) 

In practice, one does not look directly at the diode output but instead 

conditions the signal through filtering, amplification, and the addition of a DC 

offset as shown in figure 2.2.  The input power from the antenna and the system 

noise are statistically independent random variables.  The random variations in 

these propagate through the system and limit our ability to precisely determine the 

average diode output voltage.  The integrator, which also can be viewed as a low-

pass filter, smoothes the output making the instantaneous voltage closer to the 

true mean.  The longer the integration period, τ , is, the smaller the variations 
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become.  However, the application using the radiometer places limits on the 

period length.  As τ grows larger, objects must remain in the antenna beam for the 

 

 

 

Figure 2.2: Post-detection block diagram. 

 

longer integration time to accurately measure their radiometric temperatures.  For 

a given τ , a figure of merit is the minimum distinguishable temperature change, 

mT∆ (also called radiometric sensitivity or radiometric resolution.)  Theoretically 

its value is [1][2] 

 
τB

TT
T sysR

m

+
=∆  (2.6) 

From this, one can see the sensitivity's dependence on the integration time, the 

bandwidth, and the system noise. 

The post-detection circuitry also includes a DC amplifier and DC offset.  

This accommodates the signal level requirements of the data acquisition system 

that records the radiometric data.  All together, the post-detection conditioning 

changes the diode voltage of equation (2.5) to an average output vo ltage, outV , 

given by 
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 ( ) βα ++= BGTTakV sysRout  (2.7) 

where β  is the DC offset, and α  is the DC gain.  α  includes any gain of the 

post-detection circuit.  So, the integrator does not affect this average.  It only 

helps to get the instantaneous voltage closer to the mean.   

In order to estimate the true radiometric temperature given the voltage 

output from the post-detection circuitry, one must calibrate the instrument.  The 

output's linear dependence on the radiometric temperature allows us to define a 

set of calibration coefficients, cm  and cb , such that 

 ( ) ccsysRccoutcr bmBGTTakmbVmT +++=+= βα  (2.8) 

where rT  is the radiometer’s reading of the actual radiometric temperature, RT .  

By examination of equation (2.8) and requiring that rT  equal RT , we can see that 

 
akBG

mc α
1

=  (2.9) 

 βcsysc mTb −−=  (2.10) 

For a real total power radiometer, using these equations to determine the 

coefficients is problematic.  One would need to know the system noise and the 

exact interactions of all physical components from the receiver input to the post-

detection output.  These would include antenna losses, amplifier gain, filter 

losses, diode sensitivity, mixer conversion- loss, reflections due to impedance 

mismatches, and the offset and gain of the post-detection circuitry.  They can be 

time consuming and difficult to obtain.  Instead of determining individual 
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components' characteristics, one performs a calibration by examining the 

radiometer's output for known input temperatures.  Historically, calibration 

waveguide standards [3] [4] replaced the antenna, but mismatch errors [5] and the 

need to accurately know the antenna characteristics made precise calibrations 

problematic [6].  Now, one commonly determines the calibration coefficients by 

aiming the radiometer’s antenna at either of two black bodies with known 

radiometric temperatures [2] [7].  The black bodies are usually pyramidal 

microwave absorber [6].  The first has a temperature of 1bT  and corresponds to an 

output voltage of 1V ; and the second, a temperature of 2bT  and voltage of 2V .  

The linearity of equation (2.8) allows us to use a two-point calibration to get 

values for the coefficients with the following equations. 

 
12

12

VV
TT

m bb
c −

−
=  (2.11) 

 22 VmTb cbc −=  (2.12) 

 

2.3  Drift 

The simplistic two-point calibration technique requires the radiometer's 

physical temperature remains constant.  If it varies, the radiometer’s output 

changes even when the received power does not.  This is known as drift.  It occurs 

because a fluctuation in physical temperature results in changes in gain, system 

noise, diode sensitivity, and the low frequency gain and offset.  One can write 

these variables as 
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 GGG ∆+= 0  (2.13) 

 syssyssys TTT ∆+= 0  (2.14) 

 aaa ∆+= 0  (2.15) 

 ααα ∆+= 0  (2.16) 

 βββ ∆+= 0  (2.17) 

where the zero subscripts indicate values at the time of the two-point calibration 

and the deltas represent the change in value.  Substituting (2.13) through (2.17) in 

(2.8), we can see the radiometric temperature reading shifts 

 
( )( ) ( ) ( )

( ) cc

syssysRcr

bm

GGBTTTkaamT

+∆++

∆+∆++∆+∆+=

ββ

αα

0

0000  (2.18) 

This can be expressed as 

 rRr TTT ∆+=  (2.19) 

where rT∆  is the error in the reading from the true radiometric temperature.  The 

drift occurs, because the calibration coefficients remain constant until one 

performs another calibration.  The coefficients are given by (2.9) and (2.10) with 

the component values at the time of the two-point calibration substituted. 

 
000

0
1
kBGa

mc α
=  (2.20) 



 10 

 0000 βcsysc mTb −−=  (2.21) 

Combining equations (2.18) to (2.21), the difference or error between the reading 

and the radiometric input temperature is 

 
0

0 g
g

TmTT tcsysr
∆

⋅+∆+∆=∆ β  (2.22) 

where the total temperature, tT , is 

 syssysRsysRt TTTTTT ∆++=+= 0  (2.23) 

and the fractional total gain change, 
0g
g∆

, is 

 

000000000000

0000

1111

Ga
Ga

Ga
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G
G

a
a

G
G

a
a

G
G

a
a

g
g

α
α

α
α

α
α

α
α

α
α

∆∆∆
+

∆∆
+

∆∆
+

∆∆
+

∆
+

∆
+

∆
=

−






 ∆
+







 ∆
+







 ∆
+=

∆

 (2.24) 

First one should note that the total temperature, and therefore the drift, 

depends on the unknown radiometric temperature RT .  This means that a simple 

addition of a correction in opposition to the drift cannot be done.  One must adjust 

the calibration coefficients in order to correct the drift.   

Second, the system noise plays a prominent role in the drift.  For a 

radiometer with an RF-amplifier before the mixer, the change in system noise is 

of the order of the change in physical temperature.  However, RF-amplifiers are 

expensive.  We would prefer not to include one and have only a cheaper, base-

band amplifier after down-conversion.  This has the disadvantage of increasing 
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the variation in receiver noise with changing physical temperatures.  The mixer's 

conversion loss decreases the signal of interest anywhere from dB5  to dB12  

depending on the mixer.  Therefore, when the base-band amplifier's noise is 

referred to the front of the radiometer, it must be increased by dB5  to dB12 .  

The conversion loss increases the variation in system noise to between 3 and 16 

times the physical temperature change. 

The third item to notice is the contribution from changes in the DC offset.  

In chapter 5, 0cm  is measured at physical temperature of C°3.23 to be V
C°58.141 .  

In the actual post-detection circuit, the offset is created from a 7906, -6V voltage 

regulator that is voltage divided across a Ωk5  cermet potentiometer.  The 

potentiometer remains very steady with temperature fluctuations with an overall 

resistance change of around C
ppm

°100 .  The voltage regulator's stability with 

physical temperature is nominally C
mV

°− 1 .  Using C
mV

°− 1  as a worst case and 

considering a drop of C°20  in the physical temperature, the drift due to the 

change in the offset voltage is about ( )( )( ) C°=−×− − 8.22010158.141 3 .  This is a 

small variation but enough to be noticed. 

Finally, one should note the total temperature multiplies the fractional 

total gain change.  The radiometer in chapter 5 has a total temperature of K2900 .  

This large value makes the fractional gain changes very prominent.  Chapter 3 

examines more closely various components contribution to the fractional gain 

change. 

In this discussion, we have only examined drift due to physical 

temperature fluctuation.  Drift also can occur when the voltage bias to an 
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amplifier in the signal path varies thus causing a gain change [1] [2].  In the 

radiometers constructed, the power to the amplifiers was well regulated to 

eliminate this problem. 

 

2.4  Existing Drift Correction Methods  

Dicke provided the first major advance in drift correction [4].  A Dicke 

radiometer, shown in figure 2.3, periodically switches between the antenna and a 

reference load spending an equal amount of time on each during any period.  The 

switching frequency is large enough to ensure the radiometer characteristics 

remain unchanged while viewing each.  It utilizes an RF switch, a reference load, 

a total power radiometer, a synchronous detector, and an integrator to provide an 

average output voltage, DV . 

 
( ) ( )[ ]

( )GBTTak

GBTTakGBTTakV

refRs

sysrefsysRsD

−=

+−+=

α

α

2
1
2
1

 (2.25) 

The bracketed terms are the response of the total power radiometer when it is 

observing either the antenna or the reference load, RT  or refT .  The synchronous 

detector causes these to be subtracted, and sα  accommodates for the gain of the 

synchronous detector and integrator (its comparable in size to α  for the total 

power radiometer model.  Both condition the signal for data acquisition.)  The 1/2 

comes from looking at either temperature for half the time. a , G , and B  are the 

diode sensitivity, gain, and bandwidth of the total power radiometer.  A 

calibration gives the temperature reading as 



 13 

 refDDr TVmT +=  (2.26) 

where the single calibration coefficient is  

 
akGB

m
s

D α
2

=  (2.27) 

 

Figure 2.3: Dicke-switched radiometer. 

 

 

If the physical temperature of the instrument fluctuates, one can find the error due 

to drift as  

( )

( )
0

000000000000

g
g

TT

Ga
Ga

Ga
Ga

G
G

a
a

G
G

a
a

TTT

refR

s

s

s

s

s

s

s

s

refRr

∆
⋅−≈








 ∆∆∆
+

∆∆
+

∆∆
+

∆∆
+

∆
+

∆
+

∆

⋅−=∆

α
α

α
α

α
α

α
α

 (2.28) 
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where equations (2.13)-(2.17) have been used; and the approximation indicates 

sα  is not exactly equal to α  of the total power radiometer but should be close.  

One chooses the reference temperature such that 

 ( )sysRrefR TTTT +<−  (2.29) 

This is not hard to do because of the relatively large size of sysT .  Now comparing 

(2.28) to (2.22), one sees the drift reduction 

 ( )






 ∆

⋅∆+++∆+∆<






 ∆

⋅−
0

00
0 g

g
TTTmT

g
g

TT syssysRcsysrefR β  (2.30) 

 If the reference temperature equaled the radiometric temperature, one can 

see from (2.28) that the drift would be zero.  For this reason, the standard Dicke-

switched radiometer described is referred to as unbalanced [1][2].  Others have 

employed techniques to balance these receivers [8]-[15] with a good summary of 

their operation in [1] and [2].  One method varies the reference temperature using 

a noise source passed through a variable attenuator.  The output is the reference 

temperature.  The range of temperatures possible with the noise source and 

attenuator combination limits the antenna input to a bit above the noise source 

temperature up to the attenuators physical temperature.  Another technique injects 

noise with a directional coupler to add to the antenna's input.  It injects enough 

power to balance the antenna input with a constant, warm reference temperature.   

The injected noise, controlled by a variable attenuator or by pulsing the noise 

source, is the output.  The reference temperature must be a little greater than the 

warmest expected antenna input.  A third technique switches, in accordance with 
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the front-end switch, between two different attenuators after amplification and 

down-conversion.  One attenuator is variable, and the other is constant.  The 

variable attenuator balances the output of the synchronous detector.  The output is 

the control of the attenuator.  This method suffers from its susceptibility to 

changing receiver noise. 

The literature gives two other common radiometers that are not strictly 

Dicke-switched radiometers.  However, they do both utilize switching and 

reference noise sources.  They are the noise adding radiometer [16] and the dual 

reference automatic gain control radiometer [17][18].  Ulaby includes summaries 

of their operation in [2].  The noise-adding radiometer is similar to the noise 

injection radiometer except it eliminates the switch and only introduces a square-

wave noise signal with a directional coupler.  One determines the received 

temperature using a ratio between the output when the noise is off and the 

difference between when the noise is on and the noise is off.  The ratio equals the 

addition of the system and received temperature divided by the added noise 

temperature.  Knowledge of the system noise and the added noise then unfolds 

this ratio to give the output.  The radiometer compensates for gain drift, but it 

must maintain very stable reference and system noise temperatures.  This can be 

difficult and costly to do.  The dual reference automatic gain control radiometer 

handles variations in both system noise and gain by using two reference 

temperatures to maintain constant calibration.  The reference temperature 

alternates between either of the two loads.  This radiometer's switching scheme 
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and demodulation complicates standard Dicke switching and requires either a 

three input switch or two switches. 

 Although switched radiometers reduce the drift, they also have 

disadvantages.  The obvious ones are the added complexity and cost over total 

power radiometers.  Because of the large gains of the amplifiers and the need to 

detect very small signals, one must take great care in packaging components to 

protect against electromagnetic interference.  The switch adds to this difficulty.  

One would like to use ferrite switches, because they are low loss.   However, 

these require large current pulses to control the switch ( A20  over sµ10010 − .)  

The switching circuitry has to be designed and adjusted to make the pulses, and 

components need to be shielded against the spurious signals produced by them.   

One must also ensure the synchronous detection-timing matches the switching.  

Dicke radiometers increase the number of man-hours needed to get them working 

properly over the time needed for total power radiometers. 

Another detraction not as obvious is the switching reduces the sensitivity 

compared to a total power radiometer.  For an ideal switch, the theoretical 

sensitivity is half that of a total power radiometer [2].  When one includes the 

losses of a real switch, the sensitivity decreases more.  To counteract the 

decreased sensitivity, low noise RF amplifiers are needed after the switch and 

before the mixer.  Depending on the frequency of operation and the design, the 

cost often can double to triple that of a total power radiometer with the same 

radiometric sensitivity.  Table 2.1 gives the cost of the RF parts used in the 

GHz26  total power radiometer described in chapter 5 as well as the cost of the 
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RF-amplifier and switch needed for a Dicke radiometer.  The total price increases 

from about $3000 to $7000.  If one does not mind the decreased sensitivity, then 

the price increase due to the switch is $1000.     

One author reports a methodology to increase the sensitivity of a Dicke 

radiometer by spending more time during each switching cycle viewing the 

antenna over the reference instead of an equal time on each [19].  This works but 

does not free us from the more complex design or the losses of the RF switch.  A 

different paper discusses the drift of a total power radiometer that is calibrated 

periodically by switching between the antenna and reference loads.  Aside from 

not synchronously detecting the signal, this is very similar to a Dicke switched 

radiometer.  It includes a front-end switch and must periodically spend time 

calibrating instead of collecting data [20].   

Part Cost 

Ka-Band Mixer $800 

GHz26  DRO Local Oscillator $1000 

Base-Band Amplifier $210 

GHz1 Low Pass Filter $500 

Tunnel Detector Diode $180 

RF-Part Total for a Power Radiometer 3000$≈  

GHz26  RF-amplifier $3000 

Ka-Band Ferrite Switch $1000 

RF-Part Total for a Dicke Radiometer 7000$≈  

Table 2.1: Price comparison of total power and Dicke-switched radiometers. 
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2.5  Current Methods of Temperature Compensation of Drift 

 Two previous works utilized physical temperature measurements to 

compensate for drift [7] [21].  The first corrects for drift in an unbalanced Dicke 

switched radiometer and suggests a temperature correction on a total power 

radiometer but does not do so [7].  The author heats and cools only the RF front-

end of the Dicke radiometer and allows for linear gain variations in his analysis 

 ( )phyTgG
G
G

GGGG ∆+=






 ∆
+=∆+= ∆11 0

0
00  (2.31) 

where G  is the gain; 0G  is the initial gain; G∆  is the change in gain; ∆g  is the 

fractional gain change per Kelvin; and phyT∆  is the change in physical 

temperature.  The author performs a correction equivalent to the following 

correction of the calibration coefficient 

 ( ) ( )phyD
TPphyTPTPs

D Tgm
BTgkGa

m ∆−≈
∆+

= ∆
∆

1
1

2
0

0α
 (2.32) 

where 0Dm  is the calibration coefficient with the gain equal to 0TPG .  Assuming 

the drift can be expressed by (2.31), we can find the error due to the 

approximation of (2.32) by combining (2.25), (2.26), and (2.32)  

  ( )refRphyRrr TTTgTTT −∆−=−=∆ ∆
22  (2.33) 

The fractional gain change per Kelvin is small.  So, this error should be negligible 

most of the time.  However, if the change in physical temperature becomes large 

and the unbalance between the reference and radiometric temperature is large, the 
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error could be more prominent.  For the C°8  temperature shifts, with which the 

author was concerned, the correction performed well.   

The second work [21] uses a similar temperature correction on the gain in 

a total power radiometer.  It does not, however, correct for fluctuations in the 

system noise.  If we examine the drift given by (2.22) and assume that we can 

perfectly compensate for everything but the changes in system noise, the error is 

the change in system noise. 

 sysr TT ∆=∆  (2.34) 

Chapter 3 will show that for a total power radiometer with no front end RF-

amplifier this value can become quite large for relatively small physical 

temperature swings.  For one with an RF-amplifier, the error will be of the order 

of the change in physical temperature. 
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Chapter 3:  Temperature Dependence of Radiometer Components 

3.1  Introduction 

By examining the temperature dependent characteristics of the 

components comprising a total power radiometer, one can better understand their 

effects on the drift.  This chapter looks at the actual components used in the 

radiometer and gives the measured effects of shifts in physical temperature on the 

amplifier's gain, the amplifier noise temperature, and the diode sensitivity.  The 

measurements of the attenuation in the low-pass filter's pass-band show great 

stability over a large temperature variation.  We also look at the pass-band of the 

pilot signal's band-pass filter.  The comparison of two different filter designs 

demonstrate that some filters are more stable with changes in temperature than 

others.  We, then, discuss the mixer performance.   

 

3.2  Amplifier Gain 

The amplifier used in the radiometers discussed in chapters 4 and 5 is a 

modified Minicircuits ZKL-series amplifier.  We replaced the Ω50  amplifier 

gain blocks and bias resistors with Hewlett-Packard INA-02170 amplifiers and 

their appropriate resistors.  The package, the RF circuit board, and all other 

components remained the same.  We did this to obtain a higher gain than the 

ZKL-series amplifiers provide without having to design and construct the circuit 

board and packaging.  As discussed in chapter 2, the radiometer uses the amplifier 

in conjunction with a low pass filter.  This filter, discussed in section 3.5, has a 
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GHz1  cut-off frequency.  The amplifier gain, shown in figure 3.1, is not flat over 

the filter's pass band.  The mathematical model previously presented uses a 

constant gain over this bandwidth.  In order to still use this model, we define the 

gain times the bandwidth as the integral of the gain over the low-pass filter 

 ( )dffGBG
cf

∫=
0

 (3.1) 

where cf  is the cut-off frequency of the filter which is GHz1 . 

 

 

Figure 3.1: Amplifier gain at C°32 . 

 

We attached the amplifier to a large heat sink that surrounded the package.  

A thermo-couple placed between the heat sink and the amplifier measured the 

temperature.  We heated and cooled a lb25  aluminum block, placed it on top of 

the heat sink, and allowed the temperature to stabilize.  The aluminum block 
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changed temperature slowly ensuring the amplifier's temperature remained steady 

during a measurement.  A Hewlett-Packard 8752A network analyzer connected 

through GPIB to a personal computer collected the gain data.  We varied the 

amplifier's physical temperature in C°5.0  increments between C°5.7  and 

C°5.56 .  Using (3.1) with each data set establishes the gain-bandwidth product at 

the measurement temperature.  This leads to the over all dependence on physical 

temperature as shown in figure 3.2.  The gain-bandwidth product decreases with 

increased temperature.  The following line fits the measured product very well 

 phyTBG ⋅×−×= 1315 1079.11035.3  (3.2) 

where BG  is in Hz ; and phyT  is the physical temperature in C° .  The linear fit is 

shown in red in the figure; the black crosses give the data.  The standard deviation 

between the line and the data is Hz121073.4 ×  with a maximum deviation of 

Hz131056.1 ×  which is %48.0  different from the linear value. 

 

Figure 3.2: Gain-bandwidth product as a function of temperature. 
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To determine the radiometric sensitivity given by (2.6), one must define 

an effective bandwidth.  The definition based on the statistical nature of the 

received signals given in [2] is  
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where the low-pass filter cut-off frequency sets the limits of integration.  Figure 

3.3 gives the effective bandwidth versus temperature. 

 

 

Figure 3.3: Effective bandwidth as a function of temperature. 

 

The data fits the following third order polynomial very well 

 32468 2211032.31094.11085.5 phyphyphyeff TTTB ⋅+⋅×−⋅×+×=  (3.4) 
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where effB  is in Hz ; and phyT  is in C° .  The standard deviation between the 

curve and the data is kHz224  with a maximum deviation of Hzk511  which is 

%083.0  different from the polynomial value. 

 Using the gain-bandwidth product in (3.1) and the effective bandwidth in 

(3.3), one can define the average power gain over the effective bandwidth as 
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 (3.5) 

Figure 3.4 shows the average gain versus the amplifier's physical temperature.  

The fitted curve in red is given by a second order polynomial 

 246 1591035.41071.5 phyphyave TTG ⋅+⋅×−×=  (3.6) 

where the average power gain is unitless; and the temperature is in C° .  The 

measured data's standard deviation from this curve is 31086.8 ×  and the 

maximum deviation is 41078.2 ×  which is %52.0  different from the quadratic 

fit. 
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Figure 3.4: Average gain as a function of temperature. 

 

3.3  Amplifier Noise Temperature  

When the physical temperature of the amplifier shifts, not only does the 

gain-bandwidth product vary, but so does the noise temperature.  Using the 

procedure in section 3.2 to vary the physical temperature, we measured the 

amplifier noise temperature using a Hewlett-Packard 8970A noise figure meter 

and 346B noise source.  We performed the measurements in C°1  increments 

from C°10  to C°53 .  At each temperature, the noise figure meter measured the 

noise temperature in a MHz4  bandwidth centered at twenty-nine separate 

frequencies starting at MHz100  and working up to MHz1500  in MHz50  steps.  

This gives the noise temperature, ampT , as a function of frequency and temperature 

as shown in figure 3.5.  One can see that the noise temperature is not constant  
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Figure 3.5: Change in the frequency dependent noise temperature with physical 
temperature. 

 

with frequency, as the equations in chapter 2 require.  We define an effective 

noise temperature, effT , to be the temperature that when multiplied by the gain-

bandwidth product and Boltzman's constant gives the noise power output by the 

amplifier, or 

 [ ]BGkTP effn =  (3.7) 

 where nP  is the output noise power.  To use the noise meter data to get nP  at a 

particular physical temperature, one must integrate the noise power in each band 

of frequencies df  over the low-pass filter's pass-band 

 ( ) ( )∫=
cf

ampn dffTfGkP
0

 (3.8) 
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Combing (3.7) and (3.8) gives the effective noise temperature as 

 
( ) ( )

[ ]BG

dffTfG
T

cf

amp

eff

∫ ⋅
= 0  (3.9) 

Note that this is effT  at a particular physical temperature.  This means that ( )fG , 

( )fTamp , and [ ]BG  must be measured at the same physical temperature.  Figure 

3.6 shows the effective noise temperature increases as the physical temperature 

increases.  It gives effT  in K  for a physical temperature measured in Celsius.   

The red line fits the data and is given by 

 phyeff TT ⋅+= 837.0146  (3.10) 

with a standard deviation from the measured data of  K57.0  and a maximum 

deviation of K8.1  or %1.1 . 

 

 

Figure 3.6: Effective noise temperature as a function of physical temperature. 
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3.4  Diode Sensitivity 

The diode's sensitivity changes with variations in physical temperature.  

We used Herotek DT1040 negative-polarity, tunnel diode detectors in the 

radiometers.  They output a negative voltage that become more negative with 

increased input power.  To determine their temperature dependence, we connected 

the diode to a heat sink to heat and cool.  We excited the diode with a GHz5.2 , 

dBm28−  signal and read the DC voltage output.  The recorded data, shown in 

black in figure 3.7, fit well with the following line (in red in the figure) 

 phyd TV ⋅×−×−= −− 74 1000.41071.3  (3.11) 

 

 

 

Figure 3.7: Change in diode sensitivity with temperature for a dBm28−  input 
signal at GHz5.2 .  
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where the diode output, dV , is in volts, and phyT  is in Celsius.  The data's standard 

deviation from the line was V71090.9 −× , and the maximum deviation was 

V61008.4 −×  or %23.0  from the linear fit. 

 The diode detecting a radiometer's signal sees a band of frequencies 

instead of a single frequency.  To simulate this, we constructed a noise source 

from the radiometers amplifier with a terminator on the input.  The amplifier 

output was filtered with the same low-pass filter used in the radiometer.  The 

power was attenuated to a level of dBm7.28− .  Then, the diode was heated and 

cooled.  The results, figure 3.8, show that the diode still acts linearly.  We believe 

the departure from linearity at C°0  is caused by the heat sink and diode being at 

slightly different temperatures.  The fit is given by  

 phyd TV ⋅×−×−= −− 64 1082.41089.8  (3.12) 

 

 

Figure 3.8: Diode output for a dBm7.28−  band of input noise power. 
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where dV  is in volts, and physT  is in Celsius.  The standard deviation between the 

fit and the line is V31023.2 −× , and the maximum deviation is V21056.1 −×  or 

%8.1  from the linear fit at that point.  One finds the sensitivity, a , by dividing 

(3.12) by the input power in watts ( WdBm µ35.17.28 =− ) 

 ( )phyTa ⋅+−= 57.3659  (3.13) 

This shows the diode sensitivity increases (becomes more negative) with 

increased temperatures.  For a particular input power, if the physical temperature 

increased, the output would appear to be excited by a larger input power. 

 

3.5  Attenuation and Input Impedance in the Filters' Pass-Band  

In both the temperature compensated and the pilot signal compensated 

radiometers, we used Lark Engineering LMC1000-3AA low-pass ceramic filters.  

They have three-sections and a GHz1 , dB3  cut-off frequency.  The pilot signal 

radiometer also had a ceramic band-pass filter centered at GHz5.2  for the pilot 

signal.  This filter was a Lark Engineering 3SD2500-X100-3AA three-section 

filter with a dB3  bandwidth of MHz100 .   

All of the ceramic filters' characteristics vary little with shifts in physical 

temperature.  The low-pass filter's 21s changed by a maximum of dB037.0  in the 

pass-band for a C°42  temperature swing.  This is illustrated in figures 3.9 and 

3.10 with the blue curve being the response at C°0  and the red at C°42  (This 

color convention is used throughout this section.)  The input impedance to the 

filter, shown in figures 3.11 and 3.12, changes by a maximum of Ω6.0 .  We can 
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also determine the power reflection coefficient as the square of the magnitude of 

11s , figure 3.13.  The maximum shift due to the temperature variation is 

4104.7 −× .  The importance of this small shift is that if we had a radiometer with a 

K2900  signal plus system noise, the change in the radiometric reading would be 

K1.2 .  This means that shifts in impedance can play a role in the drift.  How 

much of an effect would require a measurement of all of the components' input 

and output impedance variations with temperature. 

Figures 3.14 and 3.15 show 21s  for the pilot signal filter.  It changes by 

dB040.0  at GHz5.2 .  The input impedance, figures 3.16 and 3.17, shifts in 

magnitude by Ω093.0 .  We also had a RLC Electronics tubular band-pass filter  

 

Figure 3.9: Magnitude of 21s  for the low-pass filter. 
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Figure 3.10: Pass-band of the low-pass filter showing the response change due to 
a C°42  shift in physical temperature. 

 

Figure 3.11: Real and imaginary parts of the input impedance of the low-pass 
filter. 
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Figure 3.12: Magnitude of the input impedance of the low-pass filter. 

 

Figure 3.13: The power reflection coefficient at the input of the low-pass filter. 
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Figure 3.14: Magnitude of 21s  for the band-pass pilot-signal filter. 

 

 

Figure 3.15: Pass-band of the pilot signal filter showing the response change due 
to a C°42  shift in physical temperature. 
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Figure 3.16: Real and imaginary parts of the input impedance of the pilot signal 
filter. 

 

 

Figure 3.17: Magnitude of the input impedance of the pilot signal filter. 
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Figure 3.18: Tubular filter showing larger change than the ceramic filter of figure 
3.14 in the pass-band characteristics for the same temperature 
change. 

 

to compare with this filter.  The pass-band, figure 3.18, shows that this filter 

changes by dB8.0 .  This is significantly more than the ceramic filter.   

 

3.6  Mixer Loss and Noise 

The X-band mixer used for the pilot signal radiometer discussed in chapter 

4 was a Miteq M0812J2.  It has a nominal conversion loss of dB5.5 .  The KA-

band mixer, a Miteq DB0440LW1, used for the temperature compensated 

radiometer discussed in chapter 5 has a conversion loss of dB5.7 .  The 

manufacturer supplied these numbers but did not give any indication of the mixer 

noise temperature.  We did not have the equipment to measure the mixer noise or 
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conversion loss as a function of frequency or temperature.  We were able put 

signals of the appropriate frequencies for the given mixer into their RF and LO 

ports and observe the IF output on an HP 8569B spectrum analyzer.  By heating 

and cooling the mixer, the output did indeed increase and decrease with 

temperature indicating that the mixer's conversion loss is temperature dependent.  

I suspect that the noise temperature of the mixer is also temperature dependent but 

was unable to confirm this.   

We observed another temperature dependent feature of the KA-band 

mixer. We connected a Narda NKO-KF-26000 GHz26  oscillator directly to the 

LO port of the mixer.  This is the local oscillator used in the temperature 

compensated radiometer.  A DBS Microwave DBS-2640X220 doubling-amplifier 

was connected to the RF port.  A Hewlett-Packard 8350 sweep oscillator with 

83592B RF plug- in provided a GHz1.13  signal to the doubling amp.  Therefore, 

the frequency entering the RF port was GHz2.26 .  The spectrum analyzer 

showed that the IF frequency was MHz200 .  By cooling and heating the mixer, 

one can observe that not only did the conversion loss vary with temperature, but 

the frequency of the IF signal also shifted.  Figure 3.19 shows this.  One should 

note the signal exhibited hysteresis in that it did not have the same conversion loss 

at a particular frequency during the cooling and heating cycle.  Placing dB1  

attenuators between the doubling-amplifier and the RF port as well as the local 

oscillator and the LO port prevented the shifts in frequency.  If one of the ports 

were left without an attenuator, we still saw the shift in frequency.  The fact that 

the attenuators fixed the problem suggests that the mixer changes impedance with 
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temperature and slightly pulls the frequency of the local oscillator and doubling-

amp.  This effect underscores the requirement to isolate the oscillator in the 

system. 

 

 

Figure 3.19: Hysteresis in the mixer IF characteristics. 

 

The radiometers constructed do not have RF-amplifiers and use mixers as 

the first stage.  This means the conversion loss of the mixer has a significant 

impact on the noise performance.  If we consider the mixer to be noiseless, the 

system noise will still increase because of the loss.  We can refer the amplifier 

noise to the front of the mixer by dividing by the gain of the mixer [1].  The total 

system noise, including the mixer, is 

 phymixer
mixer

amp
mixersys TT

G

T
TT ⋅++=+= 71.4821  (3.14) 
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where mixerT  is the mixer noise temperature; mixerG  is the gain of the mixer; and 

(3.11) has been substituted for the amplifier noise temperature, and a conversion 

loss of  dB5.7  has been substituted for the mixer gain.  With a varying mixer 

noise and conversion loss, (3.14) becomes more complicated. 

 

3.7  Discussion 

Revisiting the drift equations of (2.22) through (2.24), repeated here for 

convenience, we can examine the relative effect of the sources of drift measured 

in this chapter.   
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 syssysRsysRt TTTTTT ∆++=+= 0  (3.16) 
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We cannot do a complete analysis, because we don't have the characteristics of all 

the components in the radiometer including any temperature dependent reflections 

due to impedance variations and component mismatch. 

We have lumped together the gain of all pre-detection components into a 

single variable G .  We did not measure G  as a function of the temperature.  We 

only measured the amplifier gain and got an indication of the mixer's conversion 
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loss as functions of temperature.  It may be more instructive to now split G  

among the gain of the physical amplifier, AG , the gain of the mixer, MG , and the 

gain of the other components, CG .  This gives 

 CMA GGGG =  (3.18) 

If we allow each of these to have an initial value ( 0AG , 0MG , 0CG ) and a change 

( AG∆ , MG∆ , CG∆ ), we can express equation (3.18) as 

 ( )( )( )CCMMAA GGGGGGGGG ∆+∆+∆+=∆+= 0000  (3.19) 

One can show that 

 0000 CMA GGGG =  (3.20) 
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and the fractional total gain change is  
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Equations (3.21) and (3.22) show the fractional gain change of any component 

along the signal path is very important to the drift.   

 We would like to use equation (3.2), but it gives the gain-bandwidth 

product instead of just the amplifier gain.  We must adjust the fractional total gain 
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to accommodate this.  Equation (3.22) assumes a constant bandwidth.  So, we can 

do the following. 
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Now, we can let the gain-bandwidth product fluctuate as a single unit.  The 

fractional total gain change becomes 
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To examine the relative effects, I will use C°3.23  as the physical 

temperature at the time of the two-point  calibration.  I use this temperature 

because this was the value during the two-point calibration for the temperature 

compensation radiometer described in chapter 5.  Tables 3.1 gives initial values 

for the amplifier noise temperature referenced in front of the mixer, the diode 

sensitivity, and the amplifier's gain-bandwidth product.  From  

 

Variable Value at C°3.23  

0sysT  K899  

0a  W
V4.718−  

0BG  Hz1510052.3 ×  

Table 3.1: System noise, diode sensitivity, and gain-bandwidth product at 
C°3.23 . 
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equations (3.2), (3.13), and (3.14), we can calculate the change in amplifier noise, 

the gain-bandwidth product, and the diode sensitivity as 

 physys TT ∆⋅=∆ 71.4  (3.25) 

 phyT
a

a
∆⋅×=

∆ −3

0

1097.4  (3.26) 

 
[ ]

[ ] phy
A

A T
BG

BG
∆⋅×−=

∆ −3

0

1087.5  (3.27) 

This shows that the changes in gain-bandwidth product and the diode sensitivity 

act in opposition to one another.  The gain-bandwidth change is the more 

dominant effect.  The gain of the mixer and the other components should increase 

or decrease as the gain-bandwidth product does.  If changes in the impedance can 

be ignored, the fractional total gain should decrease with increased temperature.  

When multiplied by the radiometric plus the system temperature, this value can 

become large.  The system noise increases as the temperature increases.  It acts in 

opposition to effects of the changing gain.  In chapter four, we vary only the 

temperature of the amplifier, while in chapter five we vary the whole radiometer's 

temperature.  Comparing the two, the swings in the drift are much less when the 

whole radiometer is heated and cooled than when just the amplifier is.  This 

confirms the above statements that certain components' effect on the drift act in 

opposition to one another. 
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Chapter 4:  Pilot Signal Correction 

4.1  Introduction 

The temperature dependent amplifier gain is a major component of the 

drift.  The pilot signal correction method uses a known signal to detect gain 

changes and  subsequently compensate for their effects.  It does so by creating a 

signal, inPP _ , at a frequency outside the detection band of the radiometer.  This 

adds to the radiometric signal, inrP _ , before entering the amplifier as shown in 

figure 4.1.  Upon leaving, the pilot signal, outPP _ , and the radiometric signal, 

outrP _ , separate.  By assuming the amplifier gain is the only variable in the pilot  

 

 

Figure 4.1: Pilot signal concept 

 

signal’s path, any fluctuation in outPP _  directly relates to gain changes at the pilot 

frequency.  If these variations functionally relate to the pass-band gain changes, 

one can adjust the calibration coefficients using the pilot signal as input to 

maintain correct readings.  The actual situation turns out to be somewhat more 

complicated as will be shown in the following. 
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4.2  Pilot Signal Considerations and Design 

In order to implement this concept, one needs to carefully consider several 

items. First, the pilot signal should be at a frequency such that none of its power 

lies in the radiometric pass-band.  If it did, this could interfere with detecting the 

radiometric temperature and limit the sensitivity by adding noise.  Second, 

introduction of the pilot signal requires the addition of several components to a 

standard total power radiometer.  These should add as little attenuation as possible 

to the radiometric signal path before the amplifier.  This also would increase the 

system noise.  Finally, the output power of any real pilot signal source will 

fluctuate slightly.  One therefore must monitor the pilot signal power before and 

after amplification to separate gain variations from input power changes.  

Weak non- linear amplifier effects [22] complicate requirement of keeping 

the pilot signal power out of the radiometric pass-band.  In opposition to strong 

non- linear effects caused by over-driving the amplifier, weak effects are present 

even at the low input levels of radiometers.  Their possible harm arises from self-

mixing signals entering the amplifier.  The powers of the mixed-components are 

small compared to the amplified input signals.  However, they can be similar in 

size to the small changes of interest in the radiometric input, 0.1 K (or less) 

change on a 1000K (or more) signal.  Second order components dominate at low 

signal levels.  With this knowledge, the pilot signal frequency, pf , should be at 

least twice the cut-off of the low-pass filter in the radiometric path, cf , or 

 cp ff 2>  (4.1) 
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to keep second order mixed components of the pilot and radiometric signals out of 

the pass-band.  We chose to use a low-pass filter with cf  equal to GHz1  and a 

pilot signal two and half times greater at GHz5.2 . 

One can most readily see the handling of the other two design 

considerations by examining the block diagram of the completed pilot signal 

radiometer, figure 4.2.  A list of the parts is in table 4.1.  The radiometer includes 

 

 

 

Figure 4.2: Block diagram of the pilot signal radiometer. 

 

three different paths:  the radiometric path in orange, the pilot-out path in green, 

and the pilot- in path in blue.  A T splits the pilot signal into the pilot- in and pilot-

out paths.  This allows for the monitoring of the pilot signal power before and 

after amplification.  A ninth of the source power is reflected due to the impedance 

mismatch, but this is not important because of the large size of the pilot.  The 

attenuators after the T insure an even power split and bring down the amplitude of  
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Part Description 
Antenna Standard gain X-band horn antenna 
Amplifier Mini-Circuits ZKL-series amplifier package and RF board 

modified to accommodate two Hewlett-Packard INA-
02170 50 Ω amplifier gain blocks  

Mixer Miteq M0812J2 with a nominal 5.5 dB conversion loss 
Local 

Oscillator 
Miteq DRO-G-10000-ST 10 GHz oscillator with +13 
dBm of output power 

Pilot Signal 
Source 

Silocon Labratories Si4136WM-EVB evaluation board 
with Si4136 RF synthesizer operating at 2.5 GHz 

Low Pass 
Filters 

Lark Engineering LMC1000-3AA, 1 GHz 3dB cutoff 
frequency, ceramic, 3 section low pass filter 

Band Pass 
Filters 

Lark Engineering 3SD2500-X100-3AA, 2.5 GHz center 
frequency, 100 MHz 3dB bandwidth, 3 section band pass 
filter 

Diodes Herotek DT1040 tunnel diode detectors with nominal 
sensitivity of 800 mV/mW 

Attenuators JFW Industries, various values 
Temperature 
Measurement 

K-type thermo couple probe 

T connectors Pasternack Enterprises PE-9379 

 

Table 4.1: Components used in the pilot signal radiometer. 

 

the signals for either amplification in the pilot-out path or detection in the pilot- in 

path.  A diplexer consisting of a low-pass filter, a band-pass filter, and a T bring 

together the pilot and radiometric signals to enter the amplifier.  The filters isolate 

the signals from one another causing the power input to either side of the T to be 

directed to the amplifier.  The isolation was measured to be better than dB60 .  

The only additional attenuation to the radiometric signal is that of the filter 

measured to be less than dB4.0  across the entire pass-band.  The attenuator 
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placed at the amplifier output helps match the impedances to either side of it.  

Then, a second diplexer splits the radiometric and pilot-out paths from one 

another.  Each signal is attenuated to an appropriate level and detected. 

 

4.3  Pilot Signal Equations  

The pilot signal is for the prediction of amplifier gain changes.  Therefore, 

in the following derivation, the only variable allowed in the radiometric path is 

the amplifier pass-band gain, AG .  The pilot-out path sees both the amplifier gain 

variations at the pilot frequency, 
Pf

G , as well as changes in the pilot power, PP .  

The pilot- in path only sees the pilot power variations. 

The radiometric path matches the total power radiometer model given in 

chapter 2 with the important equations repeated here 

 ( )BGTTkP sysR +=  (4.2) 

 ( ) rsysRrrr BGTTkaV βα ++=  (4.3) 

 ( ) crcsysRrrccrcr bmBGTTkambVmT +++=+= βα  (4.4) 

 
kBGa

m
rr

c α
1

=  (4.5) 

 rcsysc mTb β−−=  (4.6)  

Note that the gain here is the amplifier gain, AG , times the gains of all other 

components in the path, CG , or 
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 CAGGG =  (4.7) 

The power leaving the pilot source traveling along the pilot- in path sees a 

constant gain of inPG _  before it reaches its detector diode.  The ga in, outPG _ , 

along the pilot-out path is not constant and is directly proportional to 
Pf

G .  Before 

data acquisition of these signals takes place, they are conditioned with DC 

amplification, inP _α  and outP _α , and offset, inP _β  and outP _β .  Their raw 

voltages are 

 inPPinPinPinPinP PGaV _____ βα +=  (4.8) 

 outPPoutPoutPoutPoutP PGaV _____ βα +=  (4.9) 

where inPa _  and outPa _  are the diode sensitivities.  In order to see the gain 

fluctuations, we define matching coefficient pilotα  and pilotβ  that fit the pilot- in to 

the pilot-out voltage such that 

 pilotinPpilotoutP VV βα += __  (4.10) 

A quick examination of equations (4.8), (4.9), and (4.10) confirms that 

 outP
inPinPinP

outPoutP
pilot G

Ga

a
_

___

__

α

α
α =  (4.11) 

 inPpilotoutPpilot __ βαββ −=  (4.12) 

These parameters do not depend on the pilot signal power, but they are not 

constants.  They can be expressed as an initial value, 0pilotα  and 0pilotβ , plus a 

change, pilotα∆  and pilotβ∆ , or 



 49 

 pilotpilotpilot ααα ∆+= 0  (4.13)  

 pilotpilotpilot βββ ∆+= 0  (4.14) 

The only variable in equation (4.11) is the gain along the pilot path outPG _  

which is directly proportional to 
Pf

G .  As before, one can express 
Pf

G  as an 

initial value, 0Pf
G , plus a change, 

Pf
G∆ , or 

 
PPP fff GGG ∆+= 0  (4.15) 

The direct proportionality allows the change to be expressed in terms of pilotα∆  

 pilotff PP
cG α∆=∆  (4.16) 

 where 
Pf

c is a constant of proportionality.  This gives a link between the gain 

variation at the pilot frequency and a measurable quantity.  The next section will 

show how to determine pilotα∆  using the pilot-in and pilot-out voltage data and a 

short training period for calculating constants. 

If the gain in the pass-band functionally relates to the pilot frequency gain, 

one can express the amplifier gain as 

 ( )
PfA GfG =  (4.17) 

and by Taylor expansion about the initial pilot gain 

 ( ) ( ) ( )
L+∆

′′
+∆′+=∆+ 20

000 !2 P

P

PPP f
f

fffAA G
Gf

GGfGfGG  (4.18) 

According to equation (4.17), the initial gain 0AG  equals ( )0PfGf .  Using this fact 

and equation (4.16), the change in pass-band gain becomes 
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 L+∆+∆+∆=∆ 2
3

2
21 pilotpilotpilotA cccG ααα  (4.19) 

where 1c , 2c , 3c , ... are constants.  To account for the gain change, one must 

modify the calibration coefficients to 

 
( ) ( )L+∆+∆+

=
∆+

=
2

2100

11

pilotpilotArrAArr
c ccGkBaGGkBa

m
αααα

 (4.20) 

 ( )L+∆+∆+
−−=−−= 2

210 pilotpilotArr

r
sysrcsysc ccGkBa

TmTb
ααα

β
β  (4.21) 

They are both functions of pilotα∆ .  Taylor expanding them about 0=∆ pilotα  

gives 

 L+∆+∆+= 2
210 pilotpilotc mmmm αα  (4.22) 

 L+∆+∆+= 2
210 pilotpilotc bbbb αα  (4.23) 

where 0m , 1m , 2m ,... and 0b , 1b , 2b ,... are constants to be determined.  In 

practice, one approximates (4.22) and (4.23) by using only a few terms.  The next 

section shows how to find the constants using pilotα∆  and a training period where 

the true radiometric temperature is known. 

 

4.4  Training Periods  

In order to determine pilotα∆  and the calibration coefficient constants, this 

method uses two training periods.  These can be thought of as calibration periods.  

The first, the pilot signal training, determines the initial values of the matching 

coefficients.  The second, the coefficient training, finds a predetermined number 
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of the calibration constants.  Both use a least squared error method over the set of 

data points collected during their corresponding time periods to obtain their 

results.  Outside of the training, no further calibration is necessary.  One only 

needs the three output voltages and the results of the training to find the 

radiometric temperature. 

The pilot signal training observes the pilot- in and pilot-out voltages while 

keeping the amplifier gain steady and varying the pilot signal power.  The 

matching coefficients remain constant under such conditions.  By maintaining the 

temperature of the amplifier its gain remains the same, and by changing the pilot 

source’s temperature its power varies.  Equation (4.10) works as a basis for an 

error definition given by the difference between the left and right hand sides 

 0_0_ pilotiinPpilotioutPi VVerror βα −−=  (4.24) 

where i indicates a particular sample in time.  Now the method of least squared 

errors can be used over all samples i in the training period to find the initial 

matching coefficients. 

If one substitutes equations (4.13) and (4.14) into (4.12) and notices that 

when no change exists the matching coefficients equal their initial values, we get 

that 

 pilotinPpilot αββ ∆−=∆ _  (4.25) 

Using (4.10), (4.13), (4.14), and (4.25) we get  

 
inPinp

inppilotpilotoutp
pilot V

VV

__

_00_

β

αβ
α

−

−−
=∆  (4.26) 
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The only unknown is the offset of the pilot- in path inP _β .  One must measure this 

before taking data.  Equation (4.26) gives an expression for pilotα∆  in terms of the 

pilot- in and pilot-out voltages at all points outside the training. 

The coefficient training uses pilotα∆ , the radiometric output voltage, and a 

known, but varying, radiometric temperature.  One changes the gain of the 

amplifier throughout the training by changing the temperature of the amplifier.  

Using equation (4.4) we can define the error at each sample, i, during the period 

as 

 ( ) ( )
ipilotipilotiripilotiR

circiRi

bbbVmmT

bVmTerror
2

21010 ααα ∆+∆+−∆+−=

−−=
 (4.27) 

An approximation to (4.22) and (4.23) is used here with two terms in the slope 

and three in the offset although more terms could have been used.  One can find 

the unknown constants using the method of least squared error.  Outside the 

training period the radiometric temperature is found using 

 ( ) ( )
ipilotipilotiripilotir bbbVmmT 2

21010 ααα ∆+∆++∆+=  (4.28) 

One can view this methodology as a curve fitting method or a mapping 

from pilot signal variations to the drift in radiometric readings.  For this reason, 

the largest expected range in the data should be used in the training to get the best 

fit.  The pilot training should vary the pilot power by at least as much as is likely 

during use.  In the coefficient training, one wants large swings in both amplifier 

temperature and true radiometric temperature for the best results. 
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4.5  Measured Results 

In order to test this methodology, the amplifier was heated and cooled 

between temperatures of C°3.21  and C°1.46  over a 5.25  hour period as shown 

in figure 4.3.  In front of the antenna, we alternately placed a C°7.24  piece of  

 

 

Figure 4.3: Amplifier temperature versus time. 

 

microwave absorber and a C°8.55  piece.  This is shown in purple in figures 4.4 

and 4.5.  If one were to use a simple two point calibration with no correction, the 

readings would drift by as much as C°250  shown in orange in these figures.  The 

calibration was done on points to either side of the falling edge of the first 

transition from warmer to cooler microwave absorber.  
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Figure 4.4: Calibrated but uncorrected radiometric signal. 

 

 

Figure 4.5: Close-up of the first two hours of figure 4.4. 
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The pilot-signal training period is the first ninety seconds of data as shown 

in figure 4.6.  The true radiometric temperature remained constant during this 

time.  The flat radiometric voltage shows that the gain of the amplifier did not  

 

 

Figure 4.6: Pilot signal training period. 

 

change here.  After the training, the two pilot voltages over the entire 25.5 hours, 

figure 4.7, could be used to get pilotα∆ , figure 4.8.  A thirty second moving 

average filter smoothed pilotα∆  to lower any noise that it could add to the 

corrected radiometric signal.  The amplifier temperature (gain) changes relatively 

slowly making low pass filtering acceptable.  The coefficient training-period is 

the last four and half hours of data collection.  The results of the training are in 

figures 4.9 and 4.10.  The measured radiometric sensitivity of the two-point 
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calibrated data is C25.0 .  The corrected is approximately the same at C26.0 .  

Both, however, are five times the expected value of C05.0 . 

 

 

Figure 4.7: The raw pilot- in and pilot-out voltages. 

 

Figure 4.8: pilotα∆  after pilot signal training. 
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Figure 4.9: Corrected radiometric signal. 

 

 

 

Figure 4.10: Closed-up of the first two hours of figure 4.9. 
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4.6  Discussion 

This experiment gives three very important results.  First, they show that 

the pilot signal correction does work to improve the drift.  It is not perfect, but 

such precision may not be needed for all applications.  Second, the introduction of 

the pilot signal has reduced the sensitivity by a factor of five even though 

precautions were taken to avoid such.   We believe a non- linearity in the amplifier 

causes some pilot signal power to enter the pass band, but we were unable to 

show this.  Attempts to improve the sensitivity and drift correction were not 

examined deeply because of the most important third result.  In figures 4.3 and 

4.8, one can see the physical temperature of the amplifier and pilotα∆  look like the 

inverse of each other.  In fact, they are linearly related, and an approximation to 

the temperature is 

 TpilotTapproxT βαα +∆=  (4.29) 

where Tα  and Tβ are constants.  We can find these by using the method of least 

mean squares on an error defined in the following manner 

 ( )TipilotTiphyi Terror βαα +∆−=  (4.30) 

Comparing the approximation with the physical temperature, figure 4.11, the 

difference between the two lies within the noise of the measurements almost all of 

the time and differs by less than C°5.0 (twice the noise) at its worst.  This means 

that one can use just the physical temperature instead of the pilot signal.  Even if 

they were not linearly related, the physical temperature could be used as long as 

pilotα∆  were some single valued function of the physical temperature.  The 
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expansions in equations (4.22) and (4.23) allow for this.  The linearity ensures 

that it doesn't require an excessive number of terms.  The only training needed 

would be the coefficient training.  The next chapter demonstrates the use of the 

physical temperature for correction on a GHz26  radiometer. 

 

 

Figure 4.11: Physical temperature and a scaled version of pilotα∆ . 

 

In the experiment described here, we try to change only the physical 

temperature of the amplifier to limit the drift to fluctuations in the amplifier.  The 

pilot signal is designed to predict the gain changes, but the noise temperature of 

the amplifier also varies with temperature.  As long as the noise temperature is a 

single valued function of the physical temperature, equation (4.23) should remain 

a valid expansion of (4.6) and be able to compensate for the system noise. 

Some of the errors in the corrected signals in figures 4.9 and 4.10 have to 

do with the experimental set-up.  The amplifier was connected to a large heat 
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sink.  It could be heated and cooled independently from the other components that 

were left open to fluctuations in laboratory conditions.  The lab temperature did 

not swing radically, but it did change enough to be noticeable.  The filters were 

chosen for their relative immunity to temperature change.  However, the diodes 

and mixer were affected by the cycling of the air conditioner.  This could be seen 

in the saw tooth shape of the data.  With matched diodes on the pilot- in and pilot-

out paths, the change in the diodes' sensitivities cancels each other out in the 

pilotα∆  calculation (see equation (4.11).)  With only filters and attenuators in the 

pilot- in path, inPG _  remains fairly constant, and pilotα∆  is still a measure in the 

change in gain of the amplifier.  However, the radiometric path diode and mixer 

have nothing to compensate for their changes.  If they were tied to the amplifier 

heat sink, pilotα∆  and its relation to temperature could give information about 

their variations.  Another source of discrepancy arises from the way that absorber 

temperature data was taken.  It should have been recorded continuously, because 

it did fluctuate from its initial recorded value.  In the next chapter we do take the 

load temperature data continuously to avoid this problem. 
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Chapter 5:  Temperature Compensation Method 

5.1  Introduction 

 The previous chapter showed that compensating an amplifier's gain 

variations only requires its physical temperature and a training period over which 

a set of calibration coefficients are determined.  This chapter extends this concept 

to allow for temperature compensation when the entire radiometer changes 

physical temperature instead of just the amplifier. 

 

5.2  Temperature Compensation of Calibration Coefficients 

 This treatment starts with the model for the total power radiometer given 

in chapter 2.  The equation for the reading of the radiometric temperature, rT , is 

 ( ) crcsysRrrccrcr bmBGTTkambVmT +++=+= βα  (5.1) 

where rV  is the voltage out of the radiometer; the slope cm  and offset cb  are the 

calibration coefficients; k  is Boltzman's constant; rα  and rβ  account for the DC 

conditioning for data acquisition; ra  is the sensitivity of the diode; RT  is the 

radiometric temperature;  sysT  is the system noise; BG  is the gain-bandwidth 

product.  We require the reading equal the true radiometric temperature.  This 

forces the calibration coefficients to take the following forms 

 
kBGa

m
rr

c α
1

=  (5.2) 
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 rcsysc mTb β−−=  (5.3) 

Chapter 3 demonstrated that a shift in physical temperature causes changes in the 

diode sensitivity, the gain-bandwidth product, and the system noise.  The low 

frequency circuitry ( rα , rβ ) also can vary with temperature [7].  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 calibration 

coefficients are also single valued functions of the physical temperature 

 ( )phycc Tmm =  (5.4) 

 ( )phycc Tbb =  (5.5) 

One can Taylor expand these to get 

 L++++= 3
3

2
210 phyphyphyc TmTmTmmm  (5.6) 

 L++++= 3
3

2
210 phyphyphyc TbTbTbbb  (5.7) 

where 0m , 1m , 2m , 3m , ... and 0b , 1b , 2b , 3b , ... are constants to be determined.  

In practice, one only uses a few terms in (5.6) and (5.7) and determines the 

coefficients by using a training or calibration period as described in the next 

section.  By examining (5.2) and (5.3), one can see that (5.6) compensates for 

gain fluctuations, while (5.7) takes care of changes in the system noise. 
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5.3  Training Period 

 In order to determine the calibration coefficient constants of (5.6) and 

(5.7), we set up a training or calibration period.  During this time, one finds a 

fixed number of constants using a least squared error method.  Outside of the 

training, no further calibration is necessary.  The output voltage and the results of 

the training determine the radiometric temperature. 

 The procedure uses the output voltage, the physical temperature, and a 

known radiometric temperature produced by a calibration load.  Using equation 

(5.3), we can define an error at each sample in time, i, during the period as 

 ( ) ( )2
21010 phyphyirphyiR

circiRi

TbTbbVTmmT

bVmTerror

++−+−=

−−=
 (5.8) 

An approximation to (5.6) and (5.7) is used here with two terms in the slope and 

three in the offset, although more terms could have been used.  Now, we can 

utilize the method of least squared errors over all samples in the training period to 

find the constants.  Outside the training period, we find the radiometric 

temperature using 

 ( ) ( )2
21010 phyphyrphyr TbTbbVTmmT ++++=  (5.9) 

 The calibration is a curve fitting method or a mapping of the physical 

temperature to the drift in radiometric readings.  To get the best fit, the training 

should use the largest expected range in the data.  One wants to force the physical 

temperature of the radiometer over the conditions it will face.  Equation (5.8) does 

not indicate the training needs to vary the load temperature.  However, doing so 



 64 

will give multiple data points over a wide spread in radiometric temperature for a 

given physical temperature.  This gives a more accurate fit by decreasing any 

errors caused by inaccuracies in the measurements of the load's physical 

temperature.  If one expects large differences in the temperatures entering the 

antenna, the non- linearities of the amplifier could cause errors of the extent of the 

small signal changes of interest.  Varying the load temperature will help to lower 

this type of error by placing the calibration coefficient constants between the 

extremes of the error.  One would like the calibration load temperature to vary 

across the full extent of the anticipated temperatures the antenna will see.  The 

load variations should be done for both the hot and cold extremes in the physical 

temperature.  An effective training would be to cover each point in the plane 

defined by the load and physical temperature ranges.   

 

5.4  The 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 the mixer.  This places great importance on 

compensating for temperature dependent system (receiver) noise.  The radiometer 

operated at 26 GHz, and its parts are listed in table 1.  As shown in figure 2.1, 

signals were immediately down converted to base-band after the antenna.  They 

then entered the inexpensive dual stage IF-amplifier with about dB65  of gain 

when averaged over a GHz1  bandwidth and a dB2  noise figure.  With the  
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Part Description 
Antenna Millitech KA-band cassegrain reflector antenna with a 1 ft. 

diameter 
Amplifier Mini-Circuits ZKL-series amplifier package and RF board 

modified to accommodate two Hewlett-Packard INA-02170 
50 Ω amplifier gain blocks 

Mixer Miteq DB0440LW1 with 7.5 dB conversion loss 
Local 
Oscillator 

Narda NKO-KF-26000 26 GHz DRO 

Low Pass 
Filters 

Lark Engineering LMC1000-3AA, 1 GHz 3dB cutoff 
frequency, ceramic, 3 section low pass filter 

Diode DT 1040 tunnel diode detector with nominal sensitivity of 
800 mV/mW 

Attenuators JFW Industries, various values 
Temperature 
Measurement 

Analog Devices AD592AN precision IC temperature 
transducer 

Table 5.1: Components used in the temperature compensated radiometer. 

 

dB5.7 conversion loss of the mixer and its noise, the radiometer's total noise 

figure was significantly higher than the amplifiers'.  It was dB5.9  when 

calculated from the measured sensitivity of K16.0  for an integration time of 

s5.0 .  Figure 5.1 shows the sensitivity data.  Using a MHz615  bandwidth (see 

chapter 3) and equation (2.6), the total temperature, sysR TT + , is K2900 . 
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Figure 5.1: Sensitivity data. 

 

 We performed all the radiometric measurements while looking at the 

calibration load as illustrated in figure 5.2.  The load we used, figure 5.3, was a 

piece of microwave absorber contained in an insulated box with a Styrofoam RF-

window.  A thermocouple measured the absorber temperature, and fans circulated 

air about the absorber to minimize any temperature gradients [23].  We could vary 

the temperature by heating the circulating air via a heating blanket over which the 

air flowed.  One could also use cold loads or a known sky temperature to further 

the calibration range.  By continuously pointing the antenna at the load, the 

radiometers readings always equal the load temperature.  This allowed the use any 

of the collected data for calibration and enabled the calculation of an error outside 

of the training period as the difference between the reading and the load 

temperature. 



 67 

 

Figure 5.2: Measurement set-up. 

 

Figure 5.3: Cross sectional view of  the hot- load [23]. 
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5.5  Measured Results 

 The data was taken for fifteen days between February 14 and March 1, 

2002, at the Applied Research Laboratories at the University of Texas in Austin.  

We placed the experimental set-up underneath a lean-to protecting the equipment 

from rain but still leaving it exposed to environmental temperature changes.  A 

cold front came through around the ninth day of taking data.  Figure 5.4 shows the 

physical temperature of the radiometer.  If a simple two-point calibration with no  

 

 

Figure 5.4: Radiometer's physical temperature. 

 

temperature correction is performed on the data as shown in figure 5.5, the 

radiometric readings do not follow the load temperature.  We performed the 

calibration immediately before the data collection.  The physical temperature of 
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the radiometer was C°3.23 , and the two load temperatures were C°6.21  and 

C°6.57 .  The radiometer looked at each load for 30 seconds; the response was 

averaged over this period to get a better radiometric sensitivity; and equations 

(2.11) and (2.12) gave the calibration coefficients.  0cm  was V
C58.141 , and 0cb  

was C92.281− .  The results of the calibration have a peak-to-peak error of  

  

 

Figure 5.5: Two point calibration of the data. 

 

around C°60 .  By using the temperature correction with the first two days as a 

training period, figure 5.6, its peak-to-peak error decreases to C°5.7  with an 

average absolute error of C°1.1 .  Figure 5.7 gives a comparison between the error 

for the two-point calibration and the two-day training period.  Because this 

training period does not have the full range of the physical temperature swing, the 

training period shown in figure 5.8 that includes the full range gives better results.  
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It used three days of training and has a peak-to-peak error of around C°9.6  and 

average absolute error of C°9.0 .   A comparison between the error for this 

training period and the uncompensated results is given in figure 5.9.  For 

comparison, we trained over all of the data.  This should give us the best possible 

fit, figure 5.10 and 5.11.  The peak error is C°1.3 , and the average absolute error 

is C°61.0 .  A comparison of the training periods error is given in figure 5.12.  

One should note the error seems to peak when the physical temperature changes 

rapidly from heating to cooling or vice versa.  

 

 

Figure 5.6: Temperature correction with a two-day training period. 
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Figure 5.7: Error comparison of the two-point calibration uncorrected signal and 
the temperature corrected reading using a two-day training. 

 

 

Figure 5.8: Temperature compensation with a three-day training period that 
includes the full range of physical temperatures. 
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Figure 5.9: Error comparison of the two-point calibration uncorrected signal and 
the temperature corrected reading using a three-day training. 

 

 

Figure 5.10: Temperature compensation using the entire time as the training 
period. 
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Figure 5.11: Error comparison of the two-point calibration uncorrected signal and 
the temperature corrected reading using the entire data set as 
training. 

 

 

Figure 5.12: Error comparison of the various training periods. 
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5.6  Training Period Results 

 The number of terms used in (5.6) and (5.7) for the calibration coefficients 

affects the size of the error.  To understand this, we first performed training over 

the entire data set for a various number of terms.  A table of these results are in 

appendix A.  We compare the results on the basis of their peak-to-peak error.  

This showed that (5.6) should be of the first order with respect to the physical 

temperature and (5.7) should be of the second order, or 

 phyc Tmmm 10 +=  (5.10) 

 2
210 phyphyc TbTbbb ++=  (5.11) 

Using higher orders did not decrease the error significantly.  This is possibly 

caused by the limits in measuring the physical temperatures of the radiometer and 

the load.  The load used a thermocouple with C°2.2  accuracy and the physical 

temperature used an Analog Devices' temperature transducer AD592AN with a 

nominal C°5.1  accuracy.  Also, all of the electronic components used to 

condition these signal for data acquisition and the computer itself were exposed to 

the outside temperature changes.  These could add to the error. 

Errors, also, start to increase when RT  and phyT values begin exceeding the 

ranges used in the training. To see the effects the training ranges have on the 

error, we can order the data according to the physical or radiometric temperatures.  

Then, we can calibrate over specific ranges in these temperatures and examine the 

error.  Figures 5.13 and 5.14 give the error when the training is performed for 
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different thirds of the physical and load temperature, respectfully.  The order of 

the calibration coefficients is as indicated in (5.10) and (5.11).  The range over 

which the data was trained is indicated on the graphs.  The error within any 

training period is less than C°5.3 .  The training does not become immediately 

invalid as one moves away from the training range and stayed within C°7  in the 

ranges directly adjacent.  However, the further one moves outside the range the 

more the error increases.  We also performed the training as just described using 

various orders of the calibration coefficients for different training ranges.  Tables 

of these values are in appendix A.  This also showed that the order as given by 

(5.10) and (5.11) are effective at keeping the error low outside the training ranges.  

Higher order coefficients give large errors outside of the training range when the 

training is performed on part of the radiometers physical temperature data. 
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Figure 5.13: Error with using different thirds of the physical temperature data for 
the training period. 
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Figure 5.14: Error with using different thirds of the load temperature data for the 
training period. 
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5.7  Dicke-Switched Radiometer Comparison 

 We did not have a Dicke-switched radiometer to compare to the results 

achieved with the temperature-compensated, total power radiometer.  However, 

one can make an approximation to an unbalanced Dicke-switched radiometer 

using the recorded data in the following manner.  The unbalanced Dicke 

radiometer has a drift given by (2.28), repeated here  

 ( ) 






∆
⋅−=∆

0g
g

TTT refRr  (5.13) 

Let the reference load be tied to the radiometer's heat sink forcing the reference 

temperature equal to the physical temperature.  RT  is the temperature of the 

calibration load.  Now, we just need the fractional total gain change, to find the 

error.  Comparing the error of a total power radiometer with two-point calibration, 

equation (2.22), with (2.28), we see they both have the same 
0g
g∆

.  By assuming 

β∆  is small enough to neglect, we can solve (2.22) for 
0g
g∆

 in terms of measured 

data. 

 
syssysR

sysr

TTT
TT

g
g

∆++
∆−∆

=
∆

00

 (5.12) 

where rT∆  is the error of the total power radiometer with a two-point calibration; 

and sysT  is the system noise as given by (3.14) with the approximation that mixT  is 

zero or 
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 physys TT ⋅+= 71.4821  (5.13) 

Combining (5.11) to (5.13) gives 

 ( )
phyR

phyr
refRr TT

TT
TTT

⋅++

⋅−∆
⋅−=∆

71.4821

71.4
 (5.14) 

Figure 5.15 shows a plot of the theoretical error of the Dicke radiometer and the 

amount of unbalance, ( )refR TT − .  Figure 5.16 is theoretical reading found by 

adding (5.14) to RT .  The peak-to-peak error is K7.5 , and the average absolute 

error is K2.1 .  These numbers are slightly less that the two and three day 

temperature compensation results. 

 

Figure 5.15: Theoretical error for an unbalanced Dicke-switched radiometer. 
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Figure 5.16: Theoretical output of an unbalanced Dicke-switched radiometer. 
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Chapter 6: Conclusions 

This work has shown the effectiveness of the pilot signal and temperature 

compensation methods for correcting drift in total power radiometers.  The 

temperature compensation method proved the better of the two in terms of ease in 

implementing and financial costs.  We demonstrated the pilot signal provides no 

added information over measuring the physical temperature.  The temperature 

compensation method, when compared to switching radiometers, is a very easy 

and inexpensive method of drift correction.  Chapter 5 showed the correction 

compared with the theoretical results for an unbalanced Dicke-switched 

radiometer, but a radiometer that can be used in total power and Dicke-switched 

modes would need to be built to truly test this.  Balanced switched radiometers 

have been shown to obtain errors in the fraction of a Kelvin range [7].  We have 

not obtained correction to this level, but 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 

multi-variable Taylor expansion of the calibration coefficients.  Such a set-up 

might decrease errors caused by a single probe not representing the temperature 

changes of all components.  Second, the errors in physical temperature 

measurement caused by the probes and associated circuitry could be decreased.  

Third, all errors in the measurement of the load temperature would need to 

minimized.  Although the fans in the load were supposed to decrease the gradients 

in temperature across the microwave absorber, some could still exist.  The 
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previous suggestions for further work would need to be done to determine the true 

limits of the temperature compensation method. 

Future work might also include collecting more data and applying a more 

formal data analysis scheme.  Examples of these might include Voltera series 

expansion, preceptor algorithms, and neural networks. 
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Appendix A:  Tables of Errors Due to the Order of the Training 
Coefficients and the Range of the Calibration Temperatures. 

 

 
Order 
of m 

 

Order 
of b 

Peak to Peak Error  
Over Entire Range (C) 

1 1 10.4 
1 2 5.5 
1 3 5.5 
1 4 5.5 
2 1 5.5 
2 2 5.5 
2 3 5.5 
2 4 5.5 
3 1 5.4 
3 2 5.5 
3 3 5.5 
3 4 5.5 
4 1 5.5 
4 2 5.5 
4 3 5.5 
4 4 5.5 

 

Table A.1: Error using temperature correction on the entire data set and 
different orders of the calibration coefficients. 
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Load Temperature Order 

of m 
Order 
of b Low Range 

Peak Error 
(C) 

Mid Range 
Peak Error 

(C) 

High Range 
Peak Error 

(C) 

Entire 
Range 
Peak to 

Peak Error 
(C) 

1 1 2.8 11.6 23.9 28.1 
1 2 2.3 6.8 13.0 14.5 
1 3 2.2 6.2 11.5 12.9 
1 4 2.3 10.0 13.4 14.9 
2 1 2.3 6.7 12.8 14.3 
2 2 2.3 6.5 11.3 13.3 
2 3 2.5 7.8 -10.4 20.0 
2 4 2.5 8.1 -14.1 24.3 
3 1 2.2 6.1 11.1 12.6 
3 2 2.5 7.8 -10.5 20.1 
3 3 2.5 7.6 -11.4 20.4 
3 4 2.6 -7.6 -29.4 38.3 
4 1 2.3 9.6 12.9 14.4 
4 2 2.5 8.1 -14.8 24.9 
4 3 2.6 -7.6 -29.8 38.6 
4 4 2.6 -7.6 -29.3 38.2 

 

Table A.2: Error using temperature correction on the lower third of the load 
temperature data and different orders of the calibration coefficients. 
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Load Temperature Order 

of m 
Order 
of b Low Range 

Peak Error 
(C) 

Mid Range 
Peak Error 

(C) 

High Range 
Peak Error 

(C) 

Entire 
Range 
Peak to 

Peak Error 
(C) 

1 1 6.4 -3.1 7.0 10.3 
1 2 -3.3 2.7 3.4 6.7 
1 3 -3.4 2.7 3.4 6.8 
1 4 -4.4 2.9 -4.0 8.0 
2 1 -2.2 2.8 -3.4 6.7 
2 2 2.3 2.9 -3.4 6.8 
2 3 5.3 3.2 -8.6 13.9 
2 4 5.0 3.2 -8.6 13.6 
3 1 -3.2 2.8 -3.7 7.2 
3 2 4.4 3.2 -8.8 13.2 
3 3 5.2 3.2 -8.7 13.8 
3 4 5.7 3.2 -8.0 13.7 
4 1 -4.0 2.9 -4.5 8.1 
4 2 4.7 3.2 -8.8 13.5 
4 3 5.6 3.2 -7.9 13.6 
4 4 5.0 3.3 -7.8 12.8 

 

Table A.3: Error using temperature correction on the mid-third of the load 
temperature data and different orders of the calibration coefficients. 
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Load Temperature Order 

of m 
Order 
of b Low Range 

Peak Error 
(C) 

Mid Range 
Peak Error 

(C) 

High Range 
Peak Error 

(C) 

Entire 
Range 
Peak to 

Peak Error 
(C) 

1 1 17.6 9.8 4.0 22.1 
1 2 8.4 4.8 3.4 12.1 
1 3 8.6 4.6 3.6 12.5 
1 4 7.3 -3.8 3.6 11.1 
2 1 9.0 5.0 3.5 12.7 
2 2 10.7 5.7 3.6 14.5 
2 3 7.5 4.0 3.5 11.5 
2 4 9.7 4.7 3.7 13.3 
3 1 9.2 4.9 3.6 13.2 
3 2 7.6 4.1 3.5 11.6 
3 3 12.0 5.8 3.6 15.8 
3 4 6.0 -5.7 3.7 11.7 
4 1 7.7 -3.8 3.6 11.4 
4 2 9.9 4.7 3.7 13.5 
4 3 6.0 -5.3 3.7 11.2 
4 4 7.4 -3.8 3.7 11.2 

 

Table A.4: Error using temperature correction on the upper third of the load 
temperature data and different orders of the calibration coefficients. 
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Physical Temperature Order 

of m 
Order 
of b Low Range 

Peak Error 
(C) 

Mid Range 
Peak Error 

(C) 

High Range 
Peak Error 

(C) 

Entire 
Range 
Peak to 

Peak Error 
(C) 

1 1 3.4 7.3 19.5 21.2 
1 2 3.4 7.2 19.3 21.0 
1 3 3.4 6.8 17.37 19.1 
1 4 3.3 25.3 171.9 173.6 
2 1 3.4 7.3 19.4 21.1 
2 2 3.4 7.3 13.8 15.5 
2 3 3.4 7.7 15.1 16.8 
2 4 3.4 22.8 142.6 144.3 
3 1 3.4 7.4 20.2 21.9 
3 2 3.4 8.2 17.0 18.7 
3 3 3.4 -33.6 -181.9 190.2 
3 4 3.4 -46.6 142.4 145.2 
4 1 3.4 28.6 176.7 178.4 
4 2 3.4 26.4 151.7 153.4 
4 3 3.4 47.3 133.6 137.5 
4 4 3.4 -64.7 -484.0 562.7 

 

Table A.5: Error using temperature correction on the lower third of the physical 
temperature data and different orders of the calibration coefficients. 
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Physical Temperature Order 

of m 
Order 
of b Low Range 

Peak Error 
(C) 

Mid Range 
Peak Error 

(C) 

High Range 
Peak Error 

(C) 

Entire 
Range 
Peak to 

Peak Error 
(C) 

1 1 7.3 3.6 10.5 12.9 
1 2 3.3 3.1 3.8 6.2 
1 3 7.1 3.2 -5.3 12.4 
1 4 113.5 3.5 105.1 116.0 
2 1 3.3 3.1 4.3 6.7 
2 2 4.5 3.2 -2.7 8.3 
2 3 6.9 3.3 -6.1 13.0 
2 4 114.5 3.5 105.9 117.0 
3 1 7.9 3.2 -4.7 12.6 
3 2 7.3 3.3 -5.9 13.3 
3 3 10.9 3.3 -3.1 14.0 
3 4 115.4 3.5 106.4 118.0 
4 1 112.3 3.4 90.6 114.9 
4 2 113.3 3.5 91.1 115.8 
4 3 114.9 3.5 91.5 117.5 
4 4 100.3 3.5 141.7 144.3 

 

Table A.6: Error using temperature correction on the mid-third of the physical 
temperature data and different orders of the calibration coefficients. 
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Physical Temperature Order 

of m 
Order 
of b Low Range 

Peak Error 
(C) 

Mid Range 
Peak Error 

(C) 

High Range 
Peak Error 

(C) 

Entire 
Range 
Peak to 

Peak Error 
(C) 

1 1 18.9 8.5 -2.7 21.55 
1 2 -4.3 -2.9 2.4 6.67 
1 3 24.4 7.7 2.5 26.5 
1 4 349.3 44.0 2.4 351.3 
2 1 -7.4 -3.6 2.4 9.8 
2 2 -41.3 -14.5 -2.3 44.3 
2 3 148.9 35.8 -2.3 151.2 
2 4 -91.0 -15.4 -2.4 108.5 
3 1 31.7 8.7 2.4 33.8 
3 2 184.8 43.9 -2.4 187.2 
3 3 227.1 47.4 -2.4 229.5 
3 4 996.5 128.7 -2.3 998.7 
4 1 -46,211 -5,404 -33.9 46,224 
4 2 -9,273 -1,080 -7.4 9.277 
4 3 -189.5 -16.5 -2.4 196.51 
4 4 262.7 47.4 -2.4 265.1 

 

Table A.7: Error using temperature correction on the upper third of the physical 
temperature data and different orders of the calibration coefficients. 
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Glossary of Symbols 

Indication of initial values and change 

0X :  The initial value or value at the time of two-point calibration of symbol X   

X∆ :  The change in the symbol X  from 0X  except for 
0g
g∆

, mT∆ , and rT∆  

defined below 

 

Symbols 

α :  DC-amplification of the post-detection circuit 

inP _α :  DC-amplification of the post-detection circuit along the pilot- in path 

outP _α :  DC-amplification of the post-detection circuit along the pilot-out path 

pilotα :  Slope used to fit the pilot- in and pilot-out output voltages 

rα :  DC-amplification of the post-detection circuit along the radiometric path 

sα :  Gain of the synchronous detector and integrator of a Dicke radiometer 

Tα :  Slope relating the change in pilotα  to the physical temperature 

β :  DC-offset of the post-detection circuit 

inP _β :  DC-offset of the post-detection circuit along the pilot- in path 

outP _β :  DC-offset of the post-detection circuit along the pilot-out path 

pilotβ :  Offset used to fit the pilot- in and pilot-out output voltages 

rβ :  DC-offset of the post-detection circuit along the radiometric path 

Tβ :  Offset relating the change in pilotα  to the physical temperature 

0g
g∆

:  Fractional total gain change 

mT∆ :  Minimum distinguishable radiometric temperature change 
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rT∆ :  Error due to drift of the radiometric temperature reading 

τ :  Integration period of the post-detection circuit 

a :  Detector diode sensitivity 

inPa _ :  Detector diode sensitivity along the pilot- in path 

outPa _ :  Detector diode sensitivity along the pilot-out path 

ra :  Detector diode sensitivity along the radiometric path 

B :  Pre-detection bandwidth 

cb :  Offset calibration coefficient relating outV  to the radiometric reading 

effB :  Effective bandwidth used because the amplifier gain is not constant over B  

BG :  The pre-detection gain-bandwidth product 

ABG :  The gain-bandwidth product only including the amplifier gain 

pfc :  Constant of proportionality relating pilotα∆  to 
pfG∆  

cf :  Cut-off frequency of the pre-detection low-pass filter 

pf :  Frequency of the pilot signal 

G :  Pre-detection gain of the radiometer 

∆g :  Fractional gain change per Kelvin 

AG :  Gain of the amplifier in the pass-band of the pre-detection low-pass filter 

aveG :  Average gain of the amplifier over the pre-detection low-pass filter 

CG :  Gain of the pre-detection components not included in AG  

pfG :  Gain of the amplifier at the pilot signal frequency 

MG :  Gain of the mixer 

inPG _ :  Gain along the pilot- in path 

outPG _ :  Gain along the pilot-out path 
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k :  Boltzman's constant 

cm :  Slope calibration coefficient relating outV  to the radiometric reading 

Dm :  The single calibration coefficient of a Dicke-switched radiometer 

dP :  Power entering the detector diode input 

inP :  Power entering the radiometer's antenna 

mP :  Power entering the mixer RF port 

nP :  Amplifier's noise power within the pre-detection bandwidth 

PP :  Power leaving the pilot signal source 

inPP _ :  Pilot signal power entering the amplifier 

outPP _ :  Pilot signal power exiting the amplifier 

inrP _ :  Power in the radiometric path entering the amplifier 

outrP _ :  Power in the radiometric path exiting the amplifier 

sysP :  System noise power 

:ampT   Amplifier's frequency dependent noise temperature 

approxT :  Approximation to the physical temperature given pilotα∆  

1bT , 2bT :  Known temperatures used in a two-point calibration 

effT :  Amplifier's effective noise temperature over the pre-detection bandwidth 

mixerT :  Noise temperature of the mixer 

phyT :  Physical temperature 

rT :  Radiometer's output reading of RT  

RT :  Input radiometric temperature 

refT :  Reference load temperature of the Dicke-switched radiometer 

sysT :  System noise temperature 
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tT :  Total temperature; sysR TT +  

1V , 2V :  outV  at 1bT , 2bT  used in a two-point calibration 

dV :  Detector diode's output voltage 

DV :  Dicke radiometer's output voltage sent to the data acquisition system 

outV :  Post-detection circuit's output voltage to the data acquisition system 

inPV _ :  Pilot-in path's voltage output 

outPV _ :  Pilot-out path's voltage output 

rV :  Radiometric path's voltage output 
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