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Abstract: This manuscript first revises the performance of total power, Dicke-type and 

noise-injection microwave radiometers. Equations for the radiometric resolution are 

revised or derived, and their performance in terms of the radiometric resolution 

improvement with respect to the ideal total power radiometer resolution is evaluated. It is 

then shown that the radiometric resolution of noise-injection radiometers can be optimized 

by adjusting dynamically the integration times devoted to the three measurements: antenna, 

antenna plus noise, and reference load. Numerical results are then presented to illustrate 

the dependence of the radiometric resolution with different instrument parameters. 

Experimental results are finally presented to corroborate the predicted performance. It is 

also shown that in many cases of interest these integration times can be set to a constant 

value with little degradation with respect to the optimum case, but better than the case in 

which the total integration time is divided in three equal subintervals. 

Keywords: radiometer; resolution; integration times; optimization 

 

1. Introduction: Review of Radiometer Topologies, Stability, and Radiometric Resolution 

Considerations 

Microwave radiometers are used in a number of Earth Observation applications. For each 

application, the spatial resolution (determined by the size of the projected beam), the radiometric 
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resolution (minimum detectable change at the input determined by the standard deviation of the 

output), and the absolute accuracy (correspondence between the real and the measured values, 

determined by the accuracy of the calibration, the time-dependent drifts due to temperature and aging 

etc.) are required [1]. 

This work revises the radiometric resolution of microwave radiometers (excluding correlation 

radiometers) and optimizes cases where the integration times can be adjusted, assuming ideal 

components (perfect matching, infinite isolation, homogeneous temperature distribution, etc.).  

The radiometric resolution of total power radiometers (Table 1a): 

 
2

'

A R

1 G
T= T T

B η G

 
     

  
  (1)  

is usually governed by gain fluctuations (ΔG G ) [2], where '

AT  is the antenna temperature (including 

the ohmic losses from the antenna to the receiver‘s input), TR is the receiver‘s noise temperature, 

   
2

2

0 0
ˆ G f df G f df

     
         is the receiver‘s noise bandwidth (pre-detection bandwidth),  G f  is 

the radiometer‘s power transfer function,    
2

0

ΔG G ˆ GS f df



   where  GS f  is the spectrum of the 

gain fluctuations, and  η 1 2 LPFB   is the integration time, defined as half the inverse of the 

integrator‘s filter bandwidth. In the ideal case, ΔG G 0  and the commonly used equation is obtained. 

Gain fluctuations can be minimized by controlling the stability of the output voltage of the power 

supply and the physical temperature of the radiometer‘s environment. However, at high frequencies, it 

is difficult to build highly stable receivers with small gain fluctuations. A possibility is to eliminate the 

RF amplifier and minimize gain fluctuations using a mixer as a first stage (e.g., Figure 8 in [3]), but in 

this case the receiver‘s noise temperature becomes very large. 

A simple way to minimize the gain fluctuations was devised by Dicke [4]. The input is modulated 

using an input switch (the Dicke switch) to commute between the antenna and a matched load at a 

known and stable physical temperature (TREF), while at the same time, the output is demodulated by 

synchronously multiplying the detected signal by 1 before the low-pass filter that acts as integrator 

(Table 1b). With this technique, and provided the switching rate (fs) is much higher than the bandwidth 

of the gain fluctuations‘ spectrum, so that 
?

ΔG G ΔG G
sf m f f 
 , the impact of gain fluctuations in 

the radiometric resolution is minimized [5]: 

   
 

2 2' 2
2A R REF R '

A REF

2 T T 2 T T ΔG
T= T -T

B η B η G

     
    

   
         (2) 

since they are no longer proportional to  '

A RT +T , but to  '

A REFT -T , which is much smaller. In Equation 2, 

the ‗2‘ factors come from the fact that the antenna and the reference load are being measured during 

only half the integration time .  

Eventually, the impact of gain fluctuations can be completely mitigated if '

A REFT =T . When this 

condition is met, the radiometer is said to be ―balanced‖. In this case, the radiometric resolution is 

twice that of an ideal total power radiometer (Equation 1 with ΔG G 0 ) due to the shorter integration 

time. There are a number of techniques to ―balance‖ a radiometer: 
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 The duty-cycle modulation method dynamically adjusts the duty cycle of the Dicke switch (), so 

that the power collected during the two fractions of a period is the same [6]: 

     '

A R REF RT T 1 T T       . The duty cycle is then    '

REF R A REF RT T T T 2 T      , which is 

insensitive to the gain fluctuations, but depends on the receiver‘s noise temperature (Table 1c). The 

radiometric resolution can be readily computed as in Equation 2 taking into account the fraction of the 

time that the switch has been connected to the antenna ( ·) and to the reference load ( (1 − )): 

   

 

2 2'

A R REF R
T T T T

T= ,
B η B η 1 

 
 

    
      (3) 

 Automatic-gain control (AGC) methods and gain-modulation methods dynamically adjust the 

receiver gain during the half periods that the Dicke switch is connected to the reference load so as to 

balance the radiometer output  '

A R REF RT T T T     [5] (Table 1d). The control signal  is then 

   '

A R REF RT T T T    , which is insensitive to gain fluctuations, but depends on variations in the 

receiver‘s noise temperature that are ―compensated‖ as antenna temperature variations. 

 The reference-channel method [7] consists of adjusting the value of TREF by using a noise source 

(TNS) connected to a variable attenuator (L) at a physical temperature (Tph), so that the new reference 

temperature  '

REF NS phT T L T 1 1 L     will be equal to '

AT  (Table 1e). For L = 1, '

REF NST T , and for 

L = , '

REF phT T . Obviously, the radiometer can only be balanced if '

ph A, minT T , which requires 

cryogenic cooling and/or if '

NS A,minT T , by using a COLDFET as noise source [8]: 

 '

A R2 T T
T=

B η

 



 (4)     

which is twice the radiometric resolution of an ideal total power radiometer (Equation 1). 

 The noise-injection method [9] consists of injecting a given amount of noise power to the antenna 

port (TON) by means of a directional coupler so that '

A ON REFT T T   in all conditions. This noise can be 

injected using either variable amplitude noise during the whole half-period that the Dicke switch is 

connected to the antenna port (Table 1f), or using constant amplitude (TON) pulses of variable duty 

cycle () so that the noise power is the same during each half-period of the Dicke switch [10] (Table 

1g):  ON OFF A REFT 1 T T T       . TON and TOFF are the noise coupled when the noise source (TNS) is 

ON (TON = TNS·C) or OFF (TOFF = Tph·C), with C being the coupling factor of the directional coupler. 

In this case, the radiometric resolution: 

 REF R2 T T
T=

B η

 



 (5) 

which is equal to the radiometric resolution of a balanced Dicke radiometer, twice the radiometric 

resolution of an ideal total power radiometer, but in the high end of antenna temperatures 

(
'

REF A,maxT T
). 

 The two-reference temperature radiometer (Hach radiometer) is an AGC radiometer that 

becomes insensitive to gain and receiver‘s noise temperature fluctuations by using two reference loads 

instead of one [11]. These loads are commuted at a frequency that is half that of the Dicke switch, so 
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that four measurements (actually three different ones) are obtained: '

A RT T , 
2 RT T , '

A RT T  and 

1 RT T  during a period of the reference load switch. The radiometric resolution of the Hach  

radiometer is: 

     
2

'
22 2 '2 1 A

2 REC 1 REC A REC

2 1

T +T -2 T1 1
T= 1 T T T T 2 T T

T -T
1




 
                      
  

AGCB
 (6) 

which depends on the integration times of the AGC (AGC) and the signal channels ().  

Most of (if not all) the above radiometers were conceived before the advent of the digital era. With 

fast analog-to-digital converters, computers and data storage systems, more sophisticated radiometer 

topologies have been proposed: 

 The ―ultra-stable radiometer” was conceived by Wilson et al. [12,13] and performs three different 

types of measurements: a) the noise power coming from the antenna (VA, Equation 7), the noise power 

coming from the antenna plus the noise injected by the noise source (VA+N, Equation 8), and the noise 

generated by the reference load (VREF, Equation 9): 

 '

A A OFF RT T T B G ZB dV k C         (7) 

 '

A+N A ON RT T T B G ZB dV k C          (8) 

 REF REF RT +T B G Z,B dV k C       (9) 

where kB is the Boltzman‘s constant, and Cd and Z are the detector‘s constant [V/W] and offset [V]. 

The three measurements (Equations 7–9) are obtained during a short period of time (/3 each) so that 

the instrument parameters can be considered as stationary (constant G and Z). They can then be 

combined to obtain the radiometer‘s observable:  

NIR REF A

A+N A

R ˆ
V V

V V





 (10) 

from which the antenna temperature can be readily derived: 

   ' NIR

A REF OFF ON OFFT T T R T T       (11) 

By construction, Equation 10 is claimed to be one of the most stable data processing methods to 

calculate the antenna temperature [12], since R
NIR

 does not depend on any of the radiometer‘s 

parameters (G, TR, and Z). The radiometric resolution is [12,13]: 

 

(12) 
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Table 1. Main types of radiometers: block diagram, basic equations and radiometric resolution. 

Radiometer schematics Radiometer basic equations Radiometric resolution 

a) Total power radiometer   

G, TR

'

AT

LPFB2

1




G, TR

'

AT

LPFB2

1




 

 
 

 '

0 A RT +T B GB dV k C Z       

 

 
2

'

A R

1 G
T= T +T

B η G

 
    

  
 

b) Dicke radiometer (unbalanced)  

G, TR

1   

2
1

TREF

fs,  = 1/2
'

AT

LPFB2

1




G, TR

1   

2
1

TREF

fs,  = 1/2
'

AT

LPFB2

1




 

 
 

 '

0 A REF

1
T -T B G

2
B dV k C       

 

   
 

2 2' 2
2A R REF R '

A REF

2 T +T 2 T +T ΔG
T= T -T

B η B η G

   
    

   
 

c) Balanced Dicke radiometer by duty cycle 
modulation  

G, TR

1   

2
1

TREF

fs,    '

REF R A REF RT T T T 2 T     

'

AT

LPFB2

1




G, TR

1   

2
1

TREF

fs,    '

REF R A REF RT T T T 2 T     

'

AT

LPFB2

1




 

 
 

0 0V   

 

   '

REF R A REF RT +T T +T +2 T    

 

   

 

2 2'

A R REF R
T +T T +T

T=
B η B η 1 

 
    

 

d) Balanced Dicke radiometer by gain modulation  

G, TR

1   

2

1


TREF

'

AT

fs,  = 1/2

'

A R

REF R

T +T
 =

T +T


LPFB2

1


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G, TR

1   

2

1


TREF

'

AT

fs,  = 1/2

'

A R

REF R

T +T
 =

T +T


LPFB2

1


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0 0V   

 

   '

A R REF RT +T T +T   

 

   
2 2'

A R REF R
2 T +T 2 T +T

T=
B η B η

 
 

 
 

e) Balanced Dicke radiometer by reference channel  

G, TR

1   

2
1

fs,  = 1/2
'

AT

'

REFT

LPFB2

1


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G, TR

1   

2
1

fs,  = 1/2
'

AT

'

REFT

LPFB2

1


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0 0V   
 

' '

A REFT =T  
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A R2 T +T
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B η
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
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Table 1. Cont. 

f) Noise injection radiometer – variable noise  

G, TR

1   

2
1

TREF

fs,  = 1/2
'

A ONT T

NST

LPFB2

1


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G, TR

1   

2
1

TREF

fs,  = 1/2
'

A ONT T

NST

LPFB2

1




 

 

0 0V   
 

'

A ON REFT +T =T  

 REF R2 T +T
T=

B η





 

g) Noise injection radiometer– variable duty cycle 

G, TR

1   

2
1

TREF

'

A ON,OFFT T

NS phT ,T



fs,  = 1/2

 ON OFF A REFT 1 T T T      
LPFB2

1




G, TR

1   

2
1

TREF

'

A ON,OFFT T

NS phT ,T



fs,  = 1/2

 ON OFF A REFT 1 T T T      
LPFB2

1




 

 

0 0V   
 

 ON OFF A REFT 1 T +T =T      

 REF R2 T +T
T=

B η





 

h) Hach radiometer 

G, TR

1   

2



T1

fs,  = 1/2

'

AT

T2

2:

1

1
fs / 2fs / 2

LPFB2

1


AGC

VAGC
VR

- +

G, TR

1   

2



T1

fs,  = 1/2

'

AT

T2

2: 2:

1

1
fs / 2fs / 2

LPFB2

1


AGC

VAGC
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- +

 

 

 

 

'

A 1 2
0 R

2 1

AGC R
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2 T -T -T

T -T
V V

V V

g g


 




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1

2
2

'

2 1 A

2 1

1
22 2 2'

2 R 1 R A R

T +T -2 T1 1
T= 1

T -TB η 1

T +T T +T 2 T +T

AGC



 
  

    
   

  

   
  

 

i) Ultra-stable radiometer  

G, TR

1   

2
TREF

'

A ON,OFFT T

NS phT ,T

 = 1/3

fs,  = 1/3

LPFB2

1




G, TR

1   

2
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'

A ON,OFFT T

NS phT ,T
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LPFB2

1




 

 '

A A OFF RT +T +T B G ZB dV k C       

 '

A+N A ON RT +T +T B G ZB dV k C     

 

 REF REF RT +T B G ZB dV k C       

'

REF A OFFREF A

A+N A ON OFF

T -T -T

T -T

NIR V -V
R ˆ

V -V
   

   
 

 

2
'

2 REF OFF A2 '

REF OFF R A R

ON OFF

1
2 2'

2
' REF OFF A
A R ON OFF

ON OFF

T -T -T3
T 稵 -T +T T +T ?

B 
η T -T

T -T -T
T +T +T -T  

T -T

  
     
   

  
  

  
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2. Radiometric Resolution Optimization Using Variable Integration Times 

At this point, it is worth to ask ourselves if the radiometric resolution of the above radiometers can 

be improved, while—at the same time—having a radiometer topology that is insensitive to gain, 

receiver‘s noise temperature, and detector offsets fluctuations. From the above strategies to mitigate 

gain and, eventually, receiver‘s noise temperature, the only ones that provide some tuning capabilities 

are the Dicke radiometer, with duty-cycle modulation, and the ―ultra-stable radiometer‖, for which 

different measurement times for each observable can be adjusted. It is important to note that the 

observations of the Dicke reference load and the additive noise from an injected noise source (VREF 

and VA+N; Equations 8 and 9 of the ultra-stable radiometer) are intrinsically part of the measurement 

strategy to obtain the radiometer‘s raw observables to yield to a significant reduction in the 

fluctuations of the radiometer output. The observation times associated to these references must then 

be included in the total observation time (=radiometer‘s integration time) [14,15], which is given by: 

REF A A+Nη η η η .     (13) 

The ultimate absolute calibration is then performed using, for example, the hot load-cold load 

technique [14,15] or tip-curves [17]. The observation times of these targets must not be included in the 

integration time, since these are different measurements themselves. 

The derivation of the radiometric resolution of the Dicke radiometer with duty-cycle modulation is 

straight-forward (Equation 3) and the integration times are determined by the balancing equation.  

The radiometric resolution of the ultra-stable NIR configuration can be calculated following the 

methodology described by [13]. It is convenient to consider each of the output measurements to be 

equal to its expected value plus a random term, if the relative error in each measurement is small 

(Equations 7–9) and conditions are stationary. The random term is a small fraction of the expected value 

and can be modeled as an additive zero-mean random Gaussian variable:  P P 1 δ i i i  where δi 

represents the random term of the i measurement (Equations 7–9), with variance  2

i
δ 1/ η 

i
B , where τi 

represent the measurement time. 

Substituting these equations in Equation 10:  

   

   

 REF A REF REF A AREF REF A ANIR

A+N A+N A A A+N A+N AA
A+N A

A+N A A+N A

δ δ1 δ 1 δ 1
R

1 δ 1 δ
1 δ δ

    
 

   
 

 

V V V VV V

V V V V VV

V V V V

  
(14) 

The random terms are assumed to be much smaller than 1. Therefore, retaining the first order terms 

only, Equation 14 can be simplified as:  

   NIR NIR

REF A REF REF A A A+N A+N
NIR

A+N A

δ 1 R δ R δ
R ˆ

V V V V V

V V

         



  (15) 

where: 
'

NIR REF A OFFREF A

ON OFFA+N A

T -T -T
R ˆ

T -T

V V

V V


 


 

(16) 

Substituting Equations 7–9 in Equation 15, the antenna temperature can be computed as: 
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      
A

NIR ' NIR '

A A T A REF R REF A OFF R A A ON R A+N
ˆ ˆT =T + =T T +T δ 1 R T +T +T δ R T +T +T δ          

(17) 

ATε in Equation 17 represents the error introduced in the radiometric measurements. The radiometric 

resolution can then be computed as the quadratic sum of the components of this error term:  

       

     
 

   
 

2 2 2 2NIR '2 NIR '
A OFF R A ON RREF R

REF A A+N

2 2 2 22 ' ' '

ON REF A A OFF R REF OFF A A ON RREF R

2 2

REF A A+NON OFF ON OFF

1 R T +T +T R T +T +TT +T
T

B η B η B η

T -T +T T +T +T T -T -T T +T +TT +T 1 1
.

B η B η B ηT -T T -T

  
    

  

 
   

  

 
(18) 

To obtain the minimum radiometric resolution the optimum measurement times must be found 

assuming that τ = τA + τA+N + τREF is a constant. Therefore, one of the three measurement times can be 

expressed as a function of the other two, for example: τA = τ − τA+N − τREF. The optimum measurement 

times are then obtained by solving the following equations: 

   2 2

REF A+N

T T
0,    0.

 

   
 

 
  (19) 

Replacing Equation 18 in Equation 19 the following system of equations are obtained:  

     

   

22

REF A+N A OFF R A ON REF

2

A+N A ON R REF OFF A

η η η T T T T T T

η T T T T T T

       
        

 (20) 

and 

     

   

22

REF A+N A OFF R A ON REF

2

A+N A ON R REF OFF A

η η η T T T T T T

η T T T T T T

       
        

 (21) 

from which τA+N and τREF are derived: 

   

   
A OFF R A ON REF

A+N REF

REF R ON REF

T T T T T T
η η η 1

T T T T

     
       

 (22) 

   

   
A OFF R ON A REF

REF A+N

A ON R REF OFF A

T T T T T T
η η η 1

T T T T T T

     
         

. (23) 

From Equations 22 and 23, four solutions can be obtained (+ +, + –, – + and – – within the 

parentheses). After a mathematical analysis of the four possible combinations of solutions, only two 

are possible: 

(1) the solution obtained from Equations 22 and 23 corresponding to case (+ +) is valid for 

A REF OFFT T -T  with the following optimum integration times: 

   

   

REF

A OFF R REF OFF A

A+N

REF R ON OFF

A A+N REF

η
η ,

2

T T T T T Tη
η ,

2 T T T T

η η η η .


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
    

 
  

   



. (24) 

and 
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(2) the solution composed by Equations 22 and 23 corresponding to case (+ –) is valid for 

A REF OFFT T -T  with the following optimum integration times:  

   

   

   

   

REF R ON OFF
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T T T Tη
η ,

2 T T T T T T

T T T T T Tη
η ,

2 T T T T T T

η
η η η η .

2

   
 

    
     

 
    


   



 (25) 

Equations 24 and 25 depend only on TA as all the other radiometer parameters are constant. 

Replacing Equations 24 or 25 in 18, the optimum radiometric resolution is readily obtained. 

3. Numerical Results 

Figures 1–4 show the numerical results as a function of the antenna temperature, evaluating the 

above expressions with the following parameters: ΔG G 0.01 , TR = 1,000 K, TREF = 318 K (45 °C),  

T1 = 318 K, T2 = 393 K, TON = 913 K, TOFF = 30 K, B = 20 MHz,  = 1 s, and AGC = 1 s. As it can be 

appreciated, in Figure 1a, the radiometric resolution of the total power radiometer increases with 

increasing TA, while decreases for the Dicke and Hach radiometers as they get balanced, and it is very 

similar and fairly constant (or exhibits a small increase) for the other radiometer types, which are 

balanced (Figure 1b). 

Figure 1. (a) Radiometric resolution of different types of microwave radiometers with 

G/G = 0.01, TR = 400 K, TREF = 318 K, T1 = 318 K, T2 = 393 K, TON = 913 K, TOFF = 30 K, 

B = 20 MHz,  = 1 s, AGC = 1 s, (b) Zoom of Figure 1(a). 
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Figure 2a shows the relative performance of the radiometric resolution as compared to that of an 

ideal total power radiometer. As expected, the worst performance is given by the total power 

radiometer, which does not compensate the gain fluctuations by any means. This relative performance 

is constant for all TA values. In terms of relative performance, the Dicke and Hach radiometers follow, 

improving with increasing TA, as they get balanced. For all other radiometer types, their relative 

performance is very similar and improves with TA approaching TREF as the radiometers need less extra 

noise or can afford larger observation times of the antenna signal (Figure 2b). 

Figure 2. (a) Radiometric resolution of different types of microwave radiometers 

normalized to the one of an ideal total power radiometer ((1) with G/G = 0) with  

G/G = 0.01, TR = 400 K, TREF = 318 K, T1 = 318 K, T2 = 393 K, TON = 913 K,  

TOFF = 30 K, B = 20 MHz,  = 1 s, AGC = 1 s, (b) Zoom of Figure 2(a). 
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Figure 3 shows the evolution of the relative observation times spent in the antenna (solid blue line), 

antenna + noise (dotted green line) or reference (solid red line) for the ultra-stable and Dicke 

radiometers with duty-cycle modulation. For the ultra-stable radiometer, a slope change occurs at  

TA = TREF − TOFF. Note that the crossing point depends on TR for the ultra-stable radiometer (among 

several other parameters). For the Dicke radiometer with duty-cycle modulations the cross-point 

occurs at TA = TREF, below that point, larger observation times are required to the antenna signal, since 

it is weaker than the reference temperature. 

Figure 3. Fractions of integration time spent in the antenna (solid blue lines), antenna + 

noise (dotted green line) or reference (solid red lines) for the ultra-stable and Dicke 

radiometers with duty-cycle modulation. For the ultra-stable radiometer a slope change 

occurs at TA = TREF - TOFF. Note that the cross point depends on TR for the ultra-stable 

radiometer (among several other parameters). For the Dicke radiometer with duty-cycle 

modulations the cross-point occurs at TA = TREF. 
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Finally, Figure 4 shows the radiometric resolution improvement for the ultra-stable radiometer 

(solid line) and the Dicke radiometer with duty-cycle modulation (dashed line). For the ultra-stable 

radiometer the improvement is moderate, about 6–22%, but not negligible, especially at high antenna 

temperatures. For the Dicke radiometer the improvement is very significant, especially at low antenna 

temperatures, when the radiometer is less balanced. 

Figure 4. Radiometric resolution improvement for the ultra-stable radiometer. For the 

ultra-stable radiometer the improvement is about 6–22%, (while for the Dicke radiometer 

can be a factor of ~11). 
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4. Experimental Results 

In this section, the radiometric resolution and stability performance of a K-band radiometer 

designed and implemented for academic purposes are presented. Its performance has not been 

optimized in terms of stability or radiometric resolution, but rather, it tries to show the different 

performances in different operation modes. The radiometer‘s topology is shown in Figure 5 and it can 

be operated as a NIR (noise pulses are injected and latching circulator switches between the antenna 

and the matched load), a Dicke (noise source is OFF, but latching circulator switches between the 

antenna and the matched load), or a TPR (noise source is OFF and latching circulator connects the 

antenna to the receiver‘s input). In this way, a fair comparison between different radiometer types with 

exactly the same hardware is performed. The main hardware parameters are: coupling = 10 dB (C = 0.1), 

receiver‘s noise temperature TR = 957 K, equivalent noise source temperature TNS = 5,959 K, and  

Tph = 318 K. Radiometer‘s calibration is performed using the hot-cold load technique [14,15], using a 

microwave absorber at a known physical temperature as hot load, and a zenith view of the sky in a 

clear day as the cold load. 
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Figure 5. A block diagram of the K-band radiometer. 

 

To show the measurement‘s uncertainty (including radiometric resolution, non-stationary 

fluctuations, and calibration errors) at τ = 1 s, an outdoor measurement of 5,000 samples of 1 s of total 

integration time (10-times the basic integration time τ
NIR

 = 100 ms) pointing to a microwave absorber 

was performed. 

As can be seen in Figure 6, the stability of the three modes is very different. For the case of the NIR 

mode, there is a ~4 K/°C thermal drift produced by variations in the physical temperature inside the 

radiometer box. These variations can only be minimized with a better temperature control and a 

software compensation knowing the physical temperature at different points of the radiometer box. As 

expected for the Dicke mode, the drifts are more pronounced than in the NIR case due to the RF 

amplifiers gain fluctuations, and are about 10 K in 5,000 s. For the TPR case, the drifts are huge, about 

50 K in 1,000 s, and frequent absolute calibration is mandatory every few seconds at most. 

Figure 6. The measured antenna temperature for the three modes of operation of the  

K-band radiometer. 

 

To estimate the radiometric resolution term only, thermal drifts are removed first from the measured 

antenna temperatures by using a linear de-trend, and finally the rms values are computed. The 
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estimated radiometric sensitivity values for the three modes of operation are: ΔT
NIR

 = 1.76 K;  

ΔT
Dicke

 = 1.21 K; and ΔT
TPR

 = 0.65 K. The relationships between the sensitivities obtained from the 

three different modes of operation are very close to the theoretical relationship: ΔT
Dicke

/ΔT
TPR

 = 1.85 

and ΔT
NIR

/ΔT
TPR

 = 2.69, quite close to the theoretical values (2 and 2.62) [15].  

A measurement of the stability is obtained from the Allan variance (σy
2
) [18], and provides the 

longest integration time (τ) for which the best radiometric sensitivity can be obtained: 

 
 

 
N 1

22

y 1

1

1
ζ η y y ,

2 N 1
i i

i







 

  (26) 

where: N is the number of measurements in τ seconds, and yi is the i
th

 measurement. 

Results are shown in Figure 7, and as it can be observed the TPR mode has the lowest Allan 

variance value for the shortest integration times (σ
2
 = 0.92 K

2
 at τ = 1s → TPR

minT 0.96 K  ), followed 

by the DR mode, for medium integration times (σ
2
 = 0.34 K

2
 at τ = 11s → Dicke

minT 0.58 K  ), and 

finally, the NIR mode, which has the lowest Allan‘s variance value (highest stability) for longest 

integration times (σ
2
 = 0.28 K

2
 at τ = 42s → NIR

minT 0.53 K  ). Note that these integration times have 

been optimized on a snapshot basis only, and could be improved even further by reference averaging 

to the whole system [12,19], and for the case of the Dicke mode, gain averaging as well [12].  

Figure 7. Allan variance of the antenna temperature for different radiometer operation 

modes. Lowest Allan variance value are: TPR mode (green): σ
2
 = 0.92 K

2
 for τ = 1 s, 

( TPR
minT 0.96 K  ); Dicke mode (red): σ

2
 = 0.34 K

2
 for τ = 11 s, ( Dicke

minT 0.58 K  ); NIR 

mode (black): σ
2
 = 0.28 K

2
 for τ = 42 s, ( NIR

minT 0.53 K  ). 

 

5. Practical Considerations 

Designing and implementing a microwave radiometer with adjustable integration times for each 

measurement is not a complex task today thanks to digital technology. However, if—for a given 

application—the range of antenna temperatures is limited, a set of fixed integration times can be found 
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that closely match the optimum performance with adjustable integration times. For the radiometer 

parameters listed in Section 4, Figure 8 shows the optimum integration times as a percent of the 

integration time. For the Dicke configuration, Dicke
Aη  and Dicke

REFη  values are close to the 0.5· (50% duty 

cycle) for all TA values, which is the usual setting. For the NIR configuration, for A REF OFFT T -T , 
NIR
REFη  

is equal to 0.5·, while NIR
Aη  and NIR

A+Nη  vary significantly. However, for AT 120 K , NIR
Aη  and NIR

A+Nη  are 

close to 0.25·, which means that the noise source is switched at a rate twice higher that the latching 

circulator, so latching circulator control signal can be derived from the noise source control signal by a 

simple frequency divider. 

Figure 8. Optimum measurement times (τREF, τA, τA+N) as a fraction of the total integration 

time, for the NIR and the Dicke configurations as a function of the antenna temperature 

(TA [K]). 
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In this case, the normalized performance (relative to the ideal TPR) are shown in Figure 9. As 

expected, for these hardware parameters, the difference between the 50% duty cycle Dicke radiometer 

and the optimum Dicke performance is negligible in the whole range of TA. For the NIR radiometer 

with A = A+N = REF/2 = /4, the differences with the optimum NIR performance is negligible for  

TA  120 K. 
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Figure 9. Normalized radiometric sensitivity for the NIR and the Dicke configurations as a 

function of the antenna temperature for optimum measurement times (continuous lines), 

measurement times used in this work (dashed lines) and if A = A+N = REF = /3 (dotted line). 

 

4. Conclusions and Further Work 

Different microwave radiometer topologies have been revised in terms of their radiometric resolution 

and relative performance. The optimum integration times of the ultra-stable noise injection radiometer 

and the Dicke radiometer with duty-cycle modulation have been derived:  

 The ultra-stable radiometer output does not depend on gain, receiver‘s noise temperature and offset, 

and therefore is insensitive to drifts of these variables. The integration times have been derived as a 

function of the antenna temperature, the receiver‘s noise temperature, and the injected  

noise temperature.  

 The Dicke radiometer with duty-cycle modulation output depends only on receiver‘s noise 

temperature. The integration times depend only on the antenna, reference and receiver‘s  

noise temperatures.  

In both cases, the dependence of the fractions of the integration time depends linearly with the 

antenna temperature.  

Depending on the actual hardware parameters, the performance improvement can be significant for 

Dicke radiometers due to the balancing of the radiometer (~11 factor for the parameters used in this 

work), and more moderate (6–22%) for the ultra-stable radiometer, but these figures will be smaller if 

gain fluctuations are reduced.  

These optimum integration times have been derived on a snapshot basis. In a real instrument, the of 

non-stationary effects can be mitigated by reference averaging [13,16], and for the case of the Dicke 

radiometer with duty-cycle modulation, by gain averaging as well [16].  
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The different performance and how the radiometric resolution can be improved by adjusting the 

integration times in the different states have been shown with an academic radiometer prototype that 

can be operated as TPR, Dicke or NIR. It has also been shown that in many cases, when the range of 

antenna temperatures to be measured is limited (in the example 0 K  TA  120 K) a set of different 

fixed integration times can be found that achieves a performance close to the optimum one. 

Acknowledegmentes 

This work, conducted as part of the award ―Passive Advanced Unit (PAU): A Hybrid L-band 

Radiometer, GNSS-Reflectometer and IR-Radiometer for Passive Remote Sensing of the Ocean‖ made 

under the European Heads of Research Councils and European Science Foundation EURYI (European 

Young Investigator) Awards scheme in 2004, was supported by funds from the Participating 

Organisations of EURYI and the EC Sixth Framework Programme, and the Spanish National Research 

Plan CICYT project AYA2008-05906-C02-01/ESP. 

References 

1. Randa, J.; Lahtinen, J.; Camps, A.; Gasiewski, A.J.; Hallikainen, M.; Le Vine, D.M.;  

Martin-Neira, M.; Piepmeier, J.; Rosenkranz, P.W.; Ruf, C.S.; Shiue, J.; Skou, N. Recommended 

Terminology for Microwave Radiometry; NIST Technical Note 1551; NIST, Boulder, CO, USA, 

August 2008; Available online: http://www.boulder.nist.gov/div818/81801/Noise/publications/ 

noise_pubs.html (accessed on 6 May 2010). 

2. Tiuri, M.E. Radiometer Astronomy Receivers. IEEE Trans. Antennas Propagat. 1964, 12,  

930-938. 

3. Hersman, M.S.; Poe, G.A. Sensitivity of the Total Power Radiometer with Periodic Absolute 

Calibration. IEEE Trans. Microwave Theory 1981, 29, 32-40. 

4. Dicke, R.H. The Measurement of Thermal Radiation at Microwave Frequencies. Rev. Sci. Instr. 

1946, 17, 268-279 

5. Thomsen, F. On the Resolution of Dicke Type Radiometers. IEEE Trans. Microwave Theory 

1984, 32, 145-150. 

6. Orhaug, T.; Waltman, W. A Switched Load Radiometer. Publ. Nat. Radio Astron. Obs. 1962, 1, 

179-204. 

7. Machin, K.E.; Ryle, M.; Vonberg, D.D. The Design of an Equipment for Measuring Small Radio 

Frequency Noise Powers. Proc. IEE (London) 1952, 99, 127-134. 

8. Frater, R.H.; Williams, D.R. An Active ‗Cold‘ Noise. IEEE Trans. Microwave Theory 1981, 29, 

344-347. 

9. Goggins, W.B. A Microwave Feedback Radiometer. IEEE Trans. Aerosp. Electron. Syst. 1967, 3, 

83-90. 

10. Hardy, W.N. Precision Temperature Reference for Microwave Radiometry. IEEE Trans. 

Microwave Theory 1973, 21, 149-150. 

11. Hach, J.P. A very Sensitive Airborne Microwave Radiometer Using Two Reference 

Temperatures. IEEE Trans. Microwave Theory. 1968, 16, 629-636. 

http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=%28%20hersman%20%20m.%20s.%3CIN%3Eau%29&valnm=+Hersman%2C+M.S.&reqloc%20=others&history=yes


Remote Sensing 2010, 2                  

          

1843 

12. Wilson, W.J.; Tanner, A.; Pellerano, F. Development of a High Stability L-band Radiometer for 

Ocean Salinity Measurements. In Proceedings of 2003 IEEE International Geoscience and 

Remote Sensing Symposium, Pasadena, CA, USA, July 2003; Volume 2, pp. 1238-1240. 

13. Wilson, W.J.; Tanner, A.; Pellerano, F. Ultra Stable Microwave Radiometers for Future Sea 

Surface Salinity Missions; JPL Report D-31794; California Institute of Technology: Pasadena, 

CA, USA, April 2005. 

14. Ulaby, F.T.; Moore, R.K.; Fung, A.K. Radiometer systems. In Microwave Remote Sensing (Active 

and Passive), 2nd ed.; Addison-Wesley: Reading, MA, USA, 1981; Volume 1, pp. 344-431. 

15. Skou, N. Sensitivity and accuracy of different radiometer types. In Microwave Radiometer 

Systems. Design and Analysis, 2nd ed.; Artech House: Norwood, MA, USA, 1989; pp. 57-78 

16. Racette, P.; Lang, R.H. Radiometer Design Analysis Based Upon Measurement Uncertainty. 

Radio Sci. 2005, 40, RS5004. 

17. Han, Y; Westwater, E.R. Analysis and Improvement of Tipping Calibration for Ground-Based 

Microwave Radiometers. IEEE Trans. Geosci. Remote Sens. 2000, 38, 1260-1277. 

18. Allan, D.W. Time and Frequency (Time-Domain) Characterization, Estimation, and Prediction of 

Precision Clocks and Oscillators. IEEE Trans. Ultrason. Ferroelectr. 1987, 6, 647-654. 

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


