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On the Resolution of Dicke-Type
Radiometers

FLEMMING THOMSEN, MEMBER, IEEE

Abstract —Microwave radiometers for remote sensing of the earth from

a satellite are now in service. These are developed from astronomical
radiometers designed for detection of interstellar radio sources. me, ra&i-
ometers measure the brightness temperature by comparing the’ received
energy with an intemaf noise source at a weff-defined radiation tempera-
ture. In the astronomical radiometers, it is traditional to nse the same

amount of time measuring the unknown source and the reference source.
This principle has been inherited from the earth-based radiometers. As the

earth brightness temperature varies very much due to the movement of the

satellite, it is possible to enhance the resolution by rising more time to
measure the earth brightness temperature and less time measuring the

stable reference source. The possible gain in resolution is fimited by the

gain fluctuation of the receiver.

I. INTRODUCTION

T HE RADIOMETERS concerned include any radi-

ometer switching between two white noise sources.

The Dicke radiometer and the noise injection radiometer

are the general best-known types. In Fig. 1, a block dia-

gram of a general Dicke-type radiometer is shown.

The antenna signal and the reference signal include any

injected noise contribution. The noise in these two branches

are assumed to be white in the band considered. The post

detection circuit has been branched for a separate treat-

ment of the antenna and the referenee signal. The tradi-

tional post detection circuit for symmetrical switching,

where equal time is “spent” on measuring the reference

and’the antenna temperature is shown in Fig. 2.

The differential amplifier might consist of a diode switch

followed by an LF-amplifier.

Referring to Fig. 1, it is assumed that the stability of the

two integrators can be made sufficient in order to maintain

the two integration times according to skewness of the

switching. The differential amplifier may consist of a diode

switch followed by an LF-amplifier.

A radiometer is characterized by two figures of merit.

1) The relative accuracy AT, which is fixed by

fundamental physical phenomena such as ther-

mal noise in the front-end of the reeeiver. Hence,

AT is an expression of the accuracy, with which

the antenna temperature may be measured. Due

to its dependence on thermal noise, AT depends

on the RF-bandwidth and the video bandwidth

(i.e., the integration time).
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Fig. 1. Block diagram of generaf Dicke-type radiometer.
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Fig. 2. Post detection section of a symmetrically switched Dicke-type
radiometer.

2) The absolute accuracy, which is determined by

the accuracy of the calibration, the temperature

distribution of primarily the RF-components,

and the RF-amplifier gain variations. The abso-

lute accuracy indicates any offset from the

correct average noise temperature. This offset

generally varies with time and environmental

conditions.

This paper will deal only with the relative accuracies of

the general Dicke-type radiometers. An investigation of the

absolute accuracy has been carried out in [1, ch. 8].

II. CALCULATION OF THE SENSITIVITY AT

When measuring the antenna noise, the input to the

detector is

uA(t)=qA(t)+qn(t) (1)

where q~ ( t ) is the amplified noise from the antenna re-

ferred to as the Dicke-switch, including any injected noise,

and qn(t) is the noise contribution from the receiver itself.

The power spectra of the two noise signals are

and

(2)

where T~ and Tn are the noise temperatures of the antenna

and the receiver referred to radiometer input, G(~) is the
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power amplification of the receiver, and k is Boltzmann’s

constant (1.384” 10-23 J/K).

When switching to the reference load, the diode input

voltage is

IqJt)=qR(t)+ qn(t) (4)

where q~(t) is the noise signal caused by the reference load

at temperature TR.

The power spectrum of qR(t) is given by

SR(t)=+TRG(f). (5)

The duty cycle d indicates the fraction of time the switch is

open to the antenna terminal. It appears a reasonable

thought that more time should be spent on the &known

antenna signal than on the better known reference temper-

ature. Applying the weights I/d and 1/(1 – d) to the

reference signal and the antenna signal, respectively, the

detector output VOturns out to be proportional to (TA – T~ ).

This output signal fluctuates with a standard deviation of

Uv, hence the sensitivity AT of the radiometer may be

expressed as

(6)

As shown in Appendix A, this sensitivity can be expressed

according to

AT=
{[

‘g(TR+~)2~ (T~+T.)2++l_d,R 1
[

+2 (TA + Tn)2~:%g(f) df

1+(TA – TR)2~1’27%g( f ) df

[

+ ~ d2sinc2(nmf)
n+o

((

T~ + Tn TR+Tn 21
.— —

)+ l–d ~

+(4r(+-+))sg’nfm’]}”2

where

~=(~:mG(f)df)2

2~@ G2(j)df
( = Bandwidth)

—m

(7)

and where ~~ is the integration time for the antenna signal

(limited by the available measurement time), ~~ is the

integration time for the reference load signal, fm is the

Dicke frequency, Sg( f ) is the power spectrum of receiver

gain fluctuations, ~.( fm ) is the average of S, around the

frequency fm, and

sine (x) = sinx/x

~ d2sinc2(nwd) =d(l- d).
n+O

From (7) it appears that there are three contributions to

AT. The first is the fundamental “radiometer equation,”

not taking into account any gain fluctuations of the re-

ceiver. This is corrected for by the second term. The third

term accounts for the noise contributions due to the

harmonics of the switch frequency fm.

The first term may be interpreted as the variance of the

difference signal from two ideal total power radiometers

measuring the antenna noise and the reference load, re-

spectively.

Although the correlation between the antenna signal

VA(t) and the reference signal OR(t) ( u~( t) and UR(t ) are

correlated through the low-frequency component of the

system noise qn(t)) does not appear to have any influence

on AT, the detailed derivation in Appendix A shows that

this correlation actually reduces AT. However, this reduc-

tion vanishes due to contribution of noise from frequencies

around the harmonics of the Dicke frequency; this is

sketched in Fig. 3. Neglecting the correlation between the

two branches thus results in a higher value of AT than is

actually correct (see [8]).

From (7) it also appears that low-frequency gain fluctua-

tions have a severe influence on the radiometer sensitivity.

Measurement of amplifier gain fluctuations are generally

not available due to the difficulty of such measurements.

Yerbury [13], however, has presented the power spectrum

of the total RF-section and described the spectrum by the

relation

(8)

where SgOis the noise power density at the “noise corner”

fo. This relation expresses the normal l/j%oise phenom-

ena. Although the video bandwidth in radiometers is al-

ways limited at the lower end in order to eliminate local

oscillator noise, the amplifier gain fluctuations remain a

problem of concern.

A. Sensitivity of the Dicke Radiometer

For the normal Dicke radiometer, (7) reduces to

(AT= +;((TA+TZ)2

+(TR + Tj2)+(TA - TR)2(~)2)”2 (9)

using

TA=TR=T ford=;

Sg(nfg) << Sg(0)

(lo)
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Fig. 3. Parts of post detection spectrum contributing to the noise signaf
at the detector output. w&%Ideaf totaf power received. ~ Square mod-
ulated Dicke-type radiometer.

Equation (9) is the usual expression for the sensitivity of

the Dicke radiometer, as found by several authors.

B. Sensitivity of the Noise Injection Radiometer

In the noise injection radiometer, noise from a local

noise source is added to the antema noise so as to make

TA = T~ (the two temperatures measured in the two switch

positions). In case of symmetrical switching, d =1/2 and
r~ = ~~ = ~, the sensitivity is found to be

AT=2(TR+~)

Due to the fact I

}

1/2

-Sg((2n +l)fm) . (11)

Lat $J(2n +1) f, ) << Sg(0), this sensitivity

is generally superior to the sensitivity of the Dicke radiom-

et~r. Equation- (11) does agree with- [9] but disagrees with

the sensitivity derived, e.g., in [8].

For the case of asymmetrical switching, the sensitivity is

modified to

{BT(d &)+2~:Sg(f)df
AT=(T~+Tn) L ‘+

+% ~ d2sinc2(mzd)
n#o

.((j++~
)}

1/2

a++(l–a) S&lfm) (12)

where

and $(rzfm ) is the average gain fluctuation around nf~.

From (11) it appears that increasing the duty cycle d
(d> 0.5), hence decreasing a, reduces the first and the

third term and increases the second term. The optimum

choice of d and a depends on the actual gain fluctuation

power spectrum at low frequencies (see Fig. 4).

Comparing (11) and (12) reveals that the sensitivity may

be improved by a factor of up to two by proper choice of

r,

L

i

11
t-

.—
2.R 2TA

s

Fig. 4. Noise contributed by the gain fluctuation power spectrum.

the switching sequence. However, this improvement seri-

ously depends on the low-frequency gain fluctuations.

III. APPLICATION OF THE THEORY

An airborne multifrequency radiometer system has been

developed at the Electromagnetic Institute, Technical Uni-

versity of Denmark, by N. Skou [14]. This has been flown

with success over Greenland and the surrounding oceans.

The sensitivities of these radiometers have been measured

(see Table I). On this basis, an estimate of ~g, accordi~g to

(11), has been calculated. It is to be noted that Sg is

assumed constant over the few harmonics of f~, which give

a significant contribution.

The measurements give no information about the gain

fluctuation in the low-frequency region (l/r= 10 Hz). If

(8) is applied over the frequency range frqm O Hz to f~

(order of magnitude 1 kHz) using values of Sg given in Fig.

5, the resulting noise contribution from gain fluctuations in

the frequency range O– l/r~ turns out so large that no

advantages are gained by asymmetrical switching. How-

ever, the above assumption might be too pessimistic, and a

better estimate for the gain fluctuation below l/r~ is

assumed to be

(13)

The factor k is assumed to fall in the interval 0< k <20.

If ~g(nf~) as a first approximation are assumed con-

stant, the optimum choice of a and d may be found to be

d=~
1+6

where a (O < a <1) is a solution to

(i+’)+(2+idBs+i)a-’=0“4)
The improvement in the sensitivity AT, when applying

asymmetrical switching as compared to symmetrical

switching, is in the following described by the number f,

defined as the ratio between the radiometer constant corre-

sponding to asymmetrical and symmetrical switching, re-

spectively; hence 1/2 < f <1.

In order to appreciate the mutual influence of the

parameters introduced above, curves are drawn (Figs. 5-8)

showing the optimum duty cycle, the radiometer constant

c, and the ratio f as functions of the ~actor k ( =

Sg(l/~A )\Sg, in (13)) for various values of Sg and ~ (the
falloff of the power spectrum, in (8)). From these curves

the following may be concluded:
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Fig. 5. Optimum duty cycle d, radiometer constant c, and the ratio j,
between the radiometer constant when switching asymmetrigally_md
symmetrically, respectively, as function of k ( = S#\7~ )\Sg). Sg =
5.10 -9s, /3=1, and B=250MHz.
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Fig. 6. Optimum duty cycle d, radiometer constant c, and the ratio ~,
between the radiometer constant when switching asym~etriEally and
symmetrically, respectively, as function of k ( = Sg(l/TA)/Sg). $ = 10-9
s,~=l, and B=250 MHz.

TABLE I
ESTIMATE OF AMPLIFIER GAIN FLUCTUATIONS (BASED ON
MEASUREMENTS OF SENSITIVITY ON T’UD RADIOMETERS)

Refer.

k

.=
Frequency Bandwidth I ntegrat ion

t alp. T 2 (TR+T”) Measured Eg

GHZ (2. B) Tine
“

‘R W “ ,...

5 500 MHZ 64 rnsec 13°K 100 5°X 0.67°K 0.79°K 1.6 10-9

17 1 (J3Z 64 ~,ec 313°K 640°R 0.34°K 0. 56°K 3.5 10-9

34 1 GHZ 64 ill,,. 313°K 640°X 0. 34°K 0. 54°K 3.1 10-9

1)

2)

3)

If the low-frequency gain fluctuations are negligi-

ble (kl = O), a factor of two is gained in the

radiometer constant (j =1/2) when asymmetri-

cal switching is applied.

Increasing low-frequency gain fluctuations (k

increasing) requires the optimum duty cycle to

decrease from 1 to 1/2, resulting in an increase

of the “improvement factor” j, from 1/2 to 1,

corresponding to the radiometer constant for a
symmetrically switched radiometer.

The improvement achieved by asymmetrical

switching is the more pronounced, when .P and ~g

are small.

It should be emphasised, therefore, that low-frequency

gain fluctuations have the most deteriorating effect on the

radiometer performance.

IV. CONCLUSION

Future Dicke-type radiometers can be improved by in-

troducing an asymmetrical switching technique, where more

time is “spent” on measuring the varying antenna signal,

and less time is used on measuring the stable reference
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Fig. 7. Optimum duty cycle d, radiometer constant c, and the ratio ~,
between the radiometer constant when switching asymrqetrigally and
symmetrically, respectively, as function of k ( = Sg(l/TA )/Sg). Sg= 10-9
S, ~ = 0.4, and B = 250 MHz.
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Fig. 8. Optimum duty cycle d, radiometer constant c, and the ratio ~,
between the radiometer constant when switching asymmetri@ly_and
symmetrically, respectively, as function of k ( = Sg(l/TA)/Sg).$ =
5.10-10 S,B = 0.2, and B = 250 MHz.

signal. The sensitivities can be improved depending on gain

fluctuations by a factor of up to two. The low frequency

part of the gain fluctuation spectrum is crucial and unfor-

tunately difficult to measure directly, because of its slight

magnitude. It can, however, be determined by an asymmet-

rical test setup, where the sensitivity is measured as a

function of the skewness of the switching. On the basis of

these results, the optimum skewness of the switching can

be determined.

APPENDIX A

CALCULATION OF SENSITIVITY OF

A DICXE-TYPE RADIOMETER

The square-law detector shown in Fig. 1 is assumed to

have the characteristic

vD=q2. (Al)

The input to the integrator can then be described by

uo=uA/d–vR/(l–d) (A2)

d being the duty cycle of the switch function p (t) as given

by

[

1,
d

o<ltl<~

p(t)=

o, %1+2fm

w sin n ~d
=d+2d~ ~cos(na.t) (A3)

~=1

p(t)= j(t)+d, where (~) =0 (A4)

fm = & a. = modulation frequency.
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The signals VA and UR can be described by

U/t = (q~+ qn)2(l+g)P (A5)

uR=(qR+ qn)2(l+g)(l–p) (A6)

g being a function describing the relative gain fluctuations

as described by the power spectrum Sg( j). The root mean

square AG of the gain variations is given by

(g)’=JwSg(f)u”d
—w

(A7)

Using (A3), the autocorrelation function +j of ~ can be

found to be

and the power spectrum

sj(f)=~2 i sinc2(~~~)”Kf-mJ
n_#mO

sin x
sincx=— (A9)

x“

The mean of the output signal from the detector is given by

(%) = ((9,4 +4.)2 )-((% + ~n)’) = (92) -(~i)

=~k(T.-T.).j@ G(~)d~. (A1O)
—m

Here, it has been assumed that the noise signals q.4, qZi, and

q. are statistic~ly independent. These siwals are further-
more statistically independent of the function p and g. By

the methods indicated in [10, ch. 5], the autocorrelation

function of u~ is found to be

@“A(.T) =((qA(t)+ qn(t))2(qA(t +7)+ qn(t+7))2)

.(l+g(t)-g(t +7))(d’ +j(t).p(t+ ’T))

= ((PA ‘~n)2+2(@,4(T)+ %(T))2)
.(l+@g(7))(d2+ ~(7)) (All)

P*= (q;) =+%@f) df (A12)

P.= (d) =; W.~G(f ) df (A13)

where +~ is the autocorrelation function of the antenna

signrd, and $. is the autocorrelation function of the RF

noise signal.

Similarly, the autocorrelation function of the reference

signal at the detector output is found to be

Fig. 9. Post detection voltages.

mon noise signal q.. The correlation function is given by

@uAR(’T)=((qA(t)+qn(t))2( qR(t+T)+qn(t +’T))2)

-(l+g(t)g(t +7))

.(d(l-d)-~(t)j( t+~))

= (2+;(T)+(pA +pn)(pR+pn))

.(l++,).(d(l-d) -~). (A15)

The output voltage UOis given by

uo=u; –u~ (see Fig. 9). (A16)

The power speetrum SUOof U. is given by the spectra of ~~

and v; according to

‘oO(f ) = %4’(f )+s”R(f )-(sw4R’(f )+sC%Rt(f )).

(A17)

The transformation function of the integrators include the

weighting factors l/d and 1/1 – d and are described by

J‘A(f)=~; o
1 1 ‘Ae-w dt = $ e-J”f’A sine ( ~fr,4 ) (A18)

The power spectrum of SUOcan thus be expressed by the

power spectra of u~ and URby

‘“O(f) =lLA(f)12&(f)+lLR( f)12 1 ‘s.R(f)
(l-d)

‘(&( f).~;(f).s”~R(f)

(A20)+L’j(f).LR(f).s& (f))d(~: d).

By inserting (2) and (3) in (All), SU~ can be calculated

according to (A21)

(%~(f ) = (IJ~ +PT)2~(f)+2(;k(T~ +~))2G*G
)

x*(~(f)+@))*

(d(f)+ x sine’(~~d)~(f-~fm))d’
n#O

@uR(T) = ((pR+h)2+2(%(T) +4dd)2)

(A21)

where * denotes the folding operation

.(1+ +g(~))((l- d)’+ +p(~)). (A14)
a*b(~)=~w a(t) b(~–t)dt. (A22)

—m

The signals u~ and OR are correlated because of the com- By inserting (A21) and the equivalent expressions for SU,
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and S“ARinto (A20) we arrive at

~UO(f)= (;~(~A-~R)/G(f) ~f)2”~(f)
+(+/G(j)df)2

[( T~ +Tn)2‘SiIlC297fT~ + (TR + Tn)2 -SinC2 ~f~R

–2(T~+Tn)(T~ +T.)COS(Tf(~R–~~))

“SinC Tf7_A“SiM ~frR ] “~g( f )

[{+ ;k2 (T~+Tn)2sinc2(mf~A)

+ (TR + Tn)2sinC2 ( ~frR )

–2. cos(mf(7- – 7R)).silnc(7rf7A)

.sinc(mf~A)-Tn2 )G*G

TR+Tn 2

[1+ l–d
. SiIlC2 ( ~f~R )

+2cos(7rf(7A – TR)).sinlc(7rj%A)

}

(TA+L)(TR+L) ~-
. SiIIC ( ~f~R )

d(l–d) P

{( )T~+Tn 2
+;kz —

d
sincz ( 7rf7A)

TR+Tn 2

( ).+ l–d
. SiIlC2 ( ~f rR )

+ 2cos(7rf (7A – rR)) sinc(7rf7A)

T:
.s~c(~f7R)d(l–d) G*G*S’ 1

(A23)

The first term of (A23) describes the mean value of O.

according to (A1O) while the remainder term describes the

deviation of the output signal. By integrating (A23) with

respect to frequency, (A24) is obtained.

Noting that (AG/G)2 <<1 and Z.. o dzsincz(mrd) =

d(l – ~), (A24) maybe simplified to

Htsu:= ;k2 G2df
(Z4+T.)2 -F (TR+Z)2

(l-d).rR 1
+(*kJGdfr:[iA+’’n)’J:sg(f)df

I+(T. – TR)2~1’2%g( f ) df

x(jk~Gdf~[Zd2sk2c(n~d)

[(

T~ + T. TR+Tn ‘1
.— —

)+ l–d ~

+(~~(;-:)]jg(nfm)]. (A25)

By inserting (A1O) and (A25) into (6), the resolution of the

radiometer is found according to (7).
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