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Radiometer Systems 

Radiometers are highly sensi tive receivers designed to me.1sure thermal electro­
magnetic emission by material media. In Chapter 4, Ihe Iheory of radiative 
transfer was used to rela te the electromagnetic properties of Ihe scene observed 
by an anten na to the power del.ivered by the anten na to the receiver. p~ = kT~ B. 
The antenna temperature 7:; Incorporales the intensity of radiation incident 
upon the . antenna (weighted by the antenna directional pattern) as well as 
self-emIssIon by the antenna structure itself. The function of a radiometer is to 
measure T~. However, T~ represents the average value of a nuctuating noiselike 
signal. Hence, strictly speaking, a radiometer provides an estimate of T'.' 
th~refore, not only is the radiometer transfer fun ction (relating T' to th~ 
output voltage V •• ,) of in terest, but so is the precision with which T can be 
eSlimated . The laller, of len referred to as Ihe radiometer sensi tivity ~r radio­
metric resolution 6 T, i the key quantity cha racterizing the performance of a 
microwave radiometer. 

This chapter Covers four major topics. The firs t topic, which is a brief 
trcall:"ent of the methodology used to characterize the noise properties of 
mdlvldual deVIces and multidevice receiver systems. provides Ihe background 
for d,scussmg the operatIon and performance characteristics of the several 
different types of radiometers considered in Sections 6-7 to 6- 14. Receiver 
noise characterization also is relevant to the detection of radar signals (Chapter 
8). The third and fourth topics are radiometer ca libration techniques and 
imagin& considerations. 

6- 1 EQU IVALENT NOISE TEM PERATU RE 

According to thermodynamics. electrons in a conductor are always in a state of 
random motion and the kinetic energy of an electron is proportiona l to T. the 
temperature of the conductdr. These random motions of the electrons produce 
nuctuations in electric charge, which in turn produce voltage nucluations. Ir 
we .were to measure the voltage V. across a conductor of resistance R through 
an Ideal rectangular fIlter of bandwidth B. we would observe an ou tput similar 
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Fig. 6.1 Random variation of nOISC voltage across a resistor 

10 that shown in Fig. 6.1. Sources that emit incoherent energy usually are 
referred to as noise sources. Hence, the voltage V. usually is called the noise 
voltage generated by the resistor. Moreover. si nce V. is related to the tempera­
ture of the conductor, the noise thus generated is called tllermal noise. As one 
might expect, the average. or mean, value of V" is zero. Its rms va lue, however, 
is not zero. Nyquist (1928) showed tha t 

v' = ( V'( t ) = 4RkTB ,.nu It I 
(6. 1 ) 

where k is Bollzmann's constant and B, often called the IIOISC balldwidtll . is the 
bandwidth of the rectangular filter. 

The thermal noise power delivered by a lIoisy resistor a t a tempera ture T 
usually is determined by replaci ng the noisy resis tor with an equivalent circuit 
consisting of a voltage generator v,."'J' in series wi th a noise-free resistance R 
and a reactance X as shown in Fig. 6.2. The reactance X accounts for the 
self-i nductance of the resis tor and the capacitance between its ends. The power 
transferred fro m the equivalent voltage generator to a load Z,_ is maximum 
when ZL is matched to the generator impedance Z = R +jX- that is. when 
ZL = Z· = R - jX. Under thi s condit ion, the average noise power dissipated in 
R L is 

v' 
P,,= ;;s= kTB. (6.2) 

We recognize the above result as being identical to the power delivered by a 
loss less antenna placed inside a chamber of constant temperature T. We may 
extend the imilarity further by stating thatlhe average power delivered by any 
antenna. lossless or not. to a matched load (Fig. 6.3) is equal to the average 
power delivered by a resis tor to a matched load if the tempera lure of the 
resis tor is identical to the anten na radiomelric temperature 'TA. This equiva­
lence between the antenna and the resistance provides a convenient tool for 
calibrating microwave receivers. as wi ll be discussed later in Seclion 6- 16. 1. 

Thermal-noise generation is a un iversal characteristic o f matter at temper­
a tures above absolute zero. but it is not the only source of random-noise 
generation. Other types o f noise include quantum noise, shot noise, and nicker 
noise. Quantum noise. which arises from the discrete nature of electron energy. 
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Fig. 6.2 (3) NOISY resistor connceled to a matched load, and (b) Ib eqUivalent CirCUli . 

is insignificant in comparison with thermal noise unless the frequency is very 
hIgh or the temperature is very low; that is, quantum noise may be neglected as 
long as the Rayleigh-Jeans approximalion holds (Section 4-3.3). Shot noise 
<Irises from the discrete nature of current now in electronic devices such as 
diodes nod transistors, and nicker noise arises from surface irregulari ties in 
cathodes and semiconductors. 

According to (6.2), the thermal noise power per unit bandwidlh is depen­
dent only on the physical temperature of the resistor and is independent of the 
operating frequency and of the resistance R. This property of thermal-noise 
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Fig. 6.3 Power delivered to a matched load by an (uHenna with rad iometric antenna 
temperature T; IS p~ - k r; B 
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sources has been extended to derine an equlIJolellI OlllpW flOlse lemperOfure" T1. 1• 

for any noise sou rce. regardless of the mechanism responsible for the generated 
noise. If p •• ( /) is the o utput noise power of a nonthennal noise source over a 
narrow bandwidth A/ centered at/. its equivalent ou tput noise temperature is 

defined as 

(/) I
· 1' •• (/) T.. = 1m k A/ . ~/-O '" 

(63) 

In practice, however, most systems and devices are con figured so that P"o( /) is 
approximately constant over the operating frequency range (of bandwidth 0 ) 

so that the ou tput noise may be defined as 

( 6.4) 

where T • • represents an e((ective value of T •• ( /) over the bandwidth '1. 1 he 
above concept of equivalent noise temperature also ha been used to define an 
equivalent inpu/lJo;se lemperawre Tt.-f for two-termjnal devices. which facilitates 
the quantification of the overall noise performance of a system consisting of 
several devices in terms o f the TE• ' s of the individual devices. as will be shown 
in the next seclion. Note that (6.4) applies ollly for a matched load. 

6-2 CHARACfERIZATIO OF NOISE 

6-2.1 Noise Figure 

The liaise figure F of a linear two-port device (or syste m) is a measure of the 
degradation in signal- to-noise ratio between the inpu t and ou tput ports o f the 
device. due to noise addition by the device. For the device shown in Fig. 6.4(a). 

where P" = available input signal power, W. 
P .. =available input noise power = kToO. W. 
1',.= available output signal power. W. 
1'.,,= available output noise power. W. 

(6 .5 ) 

F is defined for a speci fic input noise power. namely that power which would 
be provided by a resistor matched to the input port of the device and whose 
temperature is To = 290 K. If, over the bandwidth 0 , the average power gain of 

.Conforming to the nOlation adopted in previous chaptcr~. Ir the first subscnpt of TI S 

lowercase, then T is a physical (thermometric) temperature. and Ir it is uppercase. then T 
is equivalent radiometric or nOlsc tcmperalure 
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Ihe device is G, then 

and 

where II Pn • is the noise power generated by the device. Hence, 

F= P" . Pn• =..!. . GkTOB+llPn• 

p,. p.. G kToB 

_ llPno 
- 1+ GkT,B ' 

o 

(6 .6) 

(6.7) 

(6.8) 

The noise figure F is alway larger than or equal to I: for an ideal noise-free 
deVIce (llP •• = 0), F= I. Occasionally, F is expressed in decibels: 

F(dB) = 1010g F. 

From (6.8), II p •• is given by 

llP = {F- I)GkT,B n l1 0 I 

and therefore the output noise power is, from (6.7), given by 

p •• = GkToB+ (F- i)GkToB 

= FGkToB. 

(6 .9) 

(6.10) 

(6.11) 
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Thus, lhe noise performance of the device shown in Fig. 6.4(a) is equivalent to 
that of an ideal noise-free device with input noise temperature equal to 
To + (F - I )To = FTo (Fig. 6.4(b)). 

6-2.2 Effeclive Noise Temperalure 

For a linear two-port device, the internally generated noise power {j, p • • should 
be independent of both the signal and the noise at the device input. But 
according to (6.10), llP •• is a function of To, the input noise temperature. This 
"apparent" dependence on To follows from the form of the definition of the 
noi e figure F. A closer look would show that for a given device, (F - I) To is a 
constant. That is, when the noise figure is used to describe the noise perfor­
mance of a device (or network) it is necessary to specify the value of To at 
which F is measured. To avoid confusion, the definition of noi se figure has 
been standardized b)i choosing To = 290 K (r00111 temperature). 

The equioo/elll /dput lI oise temperature TEl is an alternative concept for 
describing the noise performance of a device. Its altractive feature is that it 
depends only upon the parameters of the device. TE, is defined on the basis of 
the equivalence of the two nelworks shown in Fig. 6.5. If {j,p • • is the noise 
generated by the device with its input connected to a noise- free termination 
(fictitious re istor at absolute zero temperature). TE, is defined as the tempera­
ture of a thermal resistor that , if placed at the input of an equivalent noise- free 
device, would produce the same noise power {j, p •• at the output terminals of 
the device. Thus. 

(6.12) 

where G is the power gain of the device. It is tmpor/(JlJI 10 remember ,hol* 
T£I ~ T£ is referred to the mput lerminals of the device. The corresponding 
equivalent (or effective) inpu t noise power, denoted P" is P" = kT,,B. 

If the actual noise power available at the input to the device. p ... is 
characterized by a noise temperature T,( = P.,/k B), then the total input noise 
temperature of the equivalent noise-free device is T, + Tf"' and the noise power 
available at the ou tput (Figure 6.5(c)) is 

p •• = G{ p., + P,:l = Gk{T, + TE )B . (6.13) 

The effective input noise temperature T, can be related to the noi e figure 
F by equating (6.10) to (6.12). The result is 

(6 . 14) 

Although both quantities. F and TE• describe the same property of a device or 

• Most or the malenal thai rollowl<I to Ihls chapler IS discussed in term) or the eqUivalent input 
noiM: temperature or devices Hence. ror breVIty . the second !oubscnpt (/ ror mpull Will he dropped. 
but the subscnpt n Will be retained when rdernn& 10 output nOIl>C temperature 
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network. Fha. been used more commonly for de.cribing the noise perfor. 
mance of conventional receivers. whereas Tf. has been preferred for low-noise 
devices and system •. 

6-3 NOISE OF A CASCADED SYSTEM 

The concepts used to characterize the noise performance of an individual 
device or system now will be extended to relate the noise behavior of a system 
consisting of N subsystems to the noisiness of the individual subsystems (or 
stages). We shall consider first two subsystems in cascade. each with the same 
noise bandwidth 8 . but with different equivalent input noise tempera tures and 
available gain (Fig. 6.6). G, and TE , arc Ihe available gain and equivalent input 
noise temperature of the first subsystem. and G2 and Te2 arc si milar quantities 
for the second subsystem. From the definition of equivalent input noise 
temperature. each noisy subsystem can be replaced by a no,se-rree ; ub.ystem 
with an input noise source whose available power is P/~ I = kTf; 1 B for sub~ystcm 
I and P" = kT" 8 ror subsystem 2. as shown in Fig. 6.6(b). T he total available 

6.) Noise of 11 ascaded S stem 
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noise power at the output of the cascade is 

p". = G ,G, p., + G,G, P" + G2 Pn 

=G,G,k\ T, + Tt ,+ ~~ )8. (6 .1: 

where T, is the input noise temperature. For the equivalent system shown 

Fig. 6.6(c). 

P"" = G ,G2 ( p., + p,.) 

= G,G2 k(T, + Tt )8 . 
(6. 1 

where T is the equivalent input temperature or the overall system. compat 
(6. 15) with (6.16). we sec that the equivalent input no,Se temperature Tr 0 I 

cascade is given by 

(6. 
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From (6.14). lhe overall noise figure of Ihe cascade is 

Tr 
F= I +-'i 

To 

T T 
= I + --f!. + -1l 

To G,To 

F. I 
= I + (F, - I)+T 

= F + F, - I 
, G, (6 .18) 

where F, and F, are lhe noise figures of Subsyslems I and 2, respeclively. 
The above resuhs may be generalized inlo a syslem consisling of N 

Subsyslems, 

TE , TE , T'N T" = TE· , + -' + -'- + .. . + -,;--;;--""'-;;-_ 
, G, G,G, G,G," ·GN , (6.19a) 

and 

", - I F, - I FN - I 
F= F, + - - + -- + . . . + -=--=-''--~_ 

G, G,G, G,G," ·GN 
(6.19b) 

6-4 NOISE CHARACfERIZATION OF AN ATTENUATOR 

Consider an allenualor of physical (ambienl) lemperalure T and loss faclOr L. 
The allenualOr is shown in Fig. 6.7 wilh malched impeda';ces (mainlained al 
Ihe same lemperalure T,) on bOlh sides. The loss faclor L is Ihe inverse of 
power gain G, 

I P 
L =-=.....!. 

G Po' 

load 1 

~T kTpB p -
1 

AHenuator 
loss Factor' l 

I {Noisyl 

2 

2' 

Reference 
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Poo , 2 ~ 

I 

I 

Fig. 6.7 NOI'\C generated in an attenuater or los., I and ph~ sical temperature r,. 

(6 .20) 
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where p. and Po arc, respectively, the attenuator input and output power. Since 
Ihe nelwork is in Ihermodynamic equilibrium. lhe now of power inlo load 2 
(crossing lhe reference plane from Ihe lefl) should be equal 10 Ihe now of 
power from load 2 (crossing lhe reference plane from Ihe righl). The former is 
designaled p •• and Ihe laller is equ110 kT, B. Hence, 

(6.21 ) 

where p • • is Ihe available power al lerminals 2- 2' of Ihe allenualor. p •• 
consisls of lhe noise power nowing inlo lerminals I - I' (due 10 load I) lowards 
lerminals 2- 2', allenualed by lhe loss faclor L as il passes Ihrough Ihe 
allenualor. plus noise genera led internally by the allenualor and denoled 
llP"o: 

(6 .22) 

Equaling (6.2 I) 10 (6.22) gives 

6P •• = (I -± )kT,B. (6 .23) 

This inlernally generaled noise power al Ihe allenunlOr oulpul (Ierminals 2- 2') 
is equal 10 Ihe noise power Ihal would appear al Ihe oulPUI of an equivalenl 
noise-free attenuator with an input noise power PI;.- given by 

(6 .24) 

which is equivalenl 10 an effcclive inpul noise lemperalure T£ given by 

and 

From (6. 14). Ihe noise figure of an allenualor is 

T 
F= I + (L- I)2 

To 

which reduces 10 F= L for Tp = To. 

(6 .25a) 

(6 .25b) 

(6 .26) 

The varialion of T"o with L(d8} (= 1010g L) is shown in Fig. 6.8 for 
Tp = To = 290 K. It is nOled thai lhe magnitude of L may have a significanl 
effect on Ihe performance of a system. Consider for example a transmission 
line of loss L connecting an antenna to a low-noise receiver with equivalen t 
inpul noise lemperature T. EC' as shown in Fig. 6.9. The overall noise perfor­
mance of the transmission-line and receiver combination can be characterized 
by the effective inpu t noise temperature TR EC at the antenna terminals 
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(thereby treating the transmission line and receiver as noise-rree). For a 
two-stage system. T~,c is given by 

7·, T + Te2 
RI.C = 1-1 ~. (6.27) 

In this case, Ttl is the equivalent input noise temperature of the transmission 

: TransmissIOn _____ _ 
I line r-

Receiver 
I lou Factor · l I L-_ __ ~ 

Antenna I 

I lue· (l·UTptlTuc 

Fi~ . 6.9 T~ H IS the equivalent Input nOISC temperature of an equivalent nolsc-free 
transmiSSion hne and recClver combmalion TN I C IS the: receiver input nOISC temperature. and 
TI' IS the phYMea) Icm~ralurc of the transmission hne 
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line (given by 6.25(0». Tn = TR1£ . and G , = I l L. Hence. 

T~tc = ( L - i)Tp I- LTRIC • (6.28) 

Jr the low-noise receiver is characteflled by TRIC = 50 K and if 7;, = 290 K and 
1_= 0.5 dB. T~~c = 91.5 K. Thus. even a loss ractor .s low as 0.5 dB can 
degrade the noise perrormance o r the overall receiver system by approximately 
a raclOr or 2 (below a receiver connected 10 the antenna directly). Ilad the 
receiver been of the convent ional type. with a typical noise temperature 
T

R U 
= 1000 K. the noise added by the transmission line would have been or 

minor significa ncc. si nce in this case T;,,;c = 1155 K. an increase or only 11.5 
percent. 

6-5 EQUIVALENT NOISE TEMPERATURE OF A 
SUPERHETERODYNE RECEIVER 

Consider the slIIgle-sideband' superheterodyne receiver shown in Fig. 6.10(a). 
The avai lable input noise power P" is the noi;e delivered by the anlenna via a 
transmission line. and p •• is the noi e power available at the output. We wish 
to replace lhe noisy receiver with an equivalent noise-free receiver as shown in 
Figure 6.IO(b) by referring the internally generated receiver no ise to its input 
terminals. Specifically. we wish 10 relate its equivalent input no ise temperature 
TR 'c 10 lhe parameters characterizing its indi vidual subsystem; through the 
use or the resuhs oblained previously ror the cascaded system. 

The su perheterodyne receiver is characterized by the ro llowing parame-
lers: 

G.,.= radio-frequency (RF) amplirier power gain. 
FRF= RF amplirier noise rigure. 
T.,. = RF amplifier equivalent input noise tempera lUre = (/'~r - I )To· 
G.,= mixer-preamplifier RF-to- IF power gai n. 
Ff,1 = mixcr-preamplirier noise figure, 
T., = mixer-preamplifier equivalent input noise temperature = (F., - I)To· 
G,F= intermediate-rrequency ( I F) amplifier power gain. 
F'F = IF amplirier noise figure. 
T,F= IF amplirier equivalent Input noise temperature = ( F'F - I )To· 
To= 290 K . 

The noise paramelers or the s tages rollowing the IF amplirier were not 
included in the above list because. as we will sec below. the no ise perrormance 
of the receiver is governed primarily by the stages at its rront end. Applying 
(6.19a). we have 

(6.29) 

t S<.."'C Problem 6_3 
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=or a ty~cal receiver ~erating at a center frequency of 1.5 GI·b, FRF = 2.3 
IB, GRF - 30 dB, GM - 23 dB. F., = 7.5 dB, G'F = 30 dB. and F = 1.2 dB 
-fence, IF • 

TRF = {I'RF - I )To = (1.7 - 1)290 = 203 K, 

T/.( = (F/.( - I)To = (5.62 - I )290= 1340 K, 

TIF = (F'F - I)To= (1.32 - 1)290 = 92 K, 

",here the noise figures have been converted from dB to natural numbers. 
EmploYIng the above noise temperatures in (6.29), we have 

1340 92 
TR f:c= 203 + 1000 + + lOOO x 200 .. . 

= 203 + 1.34 + 4.6 X 10 4 + . .. 

"' 204.34 K. 

~or all practical ~urpose~1 the receiver equivalent input noise temperature is 
,qual to the equivalent Input noise temperature o f the first stage, the RF 
tmphfJcr. Thus, Wi th regard to noise performance. the first stage of a receiver 
s the most critical, if its gain is much larger than I. 

6·6 Equivalent·System NOlsc Power al the Antenna Terminals 

6-6 EQUIVALENT-SYSTEM NOISE POWER AT THE ANTENNA 
TERMINALS 

357 

Now we shall consider the total-system equivalent input noise power Psrs 
referred to the anterna terminals of Fig. 6. I I. Ps rs consists of P~ , the noise 
power delivered by (he antenna, and p' f:c' the equivalent input noise power of 
the transmission-line-receiver combination. For an antenna with a radiation 
efficiency 'II and physical temperature r", Ihe antenna noise temperature T~ is 
given by (4.6 I). 

(4.6 I) 

where TA is the antenna radiation temperature of the scene observed by a 
lossless antenna (see (4.53)). The antenna noise power is 

P~ = kT~ B 

= k ['I I TA + (I - 'I , )Tp]B , (6 .30) 

where B. the bandwidth. usually is the effective bandwidth of the IF amplifier. 
The equivalent input noise temperature or the transmission-line- receiver com­
bination (referred to the input terminals of the transmission line) is given by 
(6.28). Hence. 

P.tc = kT'tCB 

=k[ (L - i)Tp + LTR£c]B, 

PhVs ica l Temperatu re Tp 

('\ loss Fado r l .---- , 
Rec~yer 

Transmission une'-__ -' 

(a) 

r - - --- - - -- - -- --., 
I I 

: [:: L I Receiver I : 
I ~vs· klT~ "T~(c}8 I 
L ________ _ _ Nols~r!! _ J 

(b) 

(6 .31 ) 

Fig. 6.11 Eq ul valcnllOpul ~ys tcm noise power incorpora tes nOlsc generated by the recclVer. 
transmiSSIon line. antenna .self·emission and emission by the scene obscf\icd by the antenna: (3) 
" Noisy" antenna or radi'Hion ('Hieicney lJ, connec ted to a receiver Via a transmiSSion 'mc: (bl 
eqUi valent nOlsc-free configura tion wll h eqUIvalent Input system nOI~ po""cr P\t ':; 
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and Iherefore. 

(6 .32) 

Sell ing PSYS = kTSYS B. where TslS is defi ned as Ihe syslem inpul noise 
lemperalure. Ihe followi ng expression is obta ined from (6.32): 

(6.33) 

For a radio meler receiver. Psrs represenls Ihe "signal" allhe inpullerminals of 
an equivalent noise- free receiving syslem (Iransmission line and receiver). ThaI 
is. Ihe receiver oUIPUI voltage is proportional 10 Psrs. By comparing Ihe oulpul 
vohage due 10 Psrs with Ihe OUIPUI vohage due to a matched load (i n place of 
Ihe a nlenna) of known physical lemperalure. a rad iomeler receiver provides an 
estimate of TAl the antenna temperature of the scene under observation 
(provided 1'" and 1), are known). Deta ils of Ihe lechnique and Ihe precision 
associaled with Ihe eslimale of TA are given in future sections. 

In Ihe case of a radar receiver, Psrs represenls the effeclive noise power al 
Ihe inpullo Ihe receiving syslem. while Ihe inpul signal is the received power P, 
given by Ihe radar equalion (Chapler 7). The inpul signal-Io-noise ra lio. wi th 
Ihe noise added by Ihe receivi ng syslem laken inlO accoun l. is S. = P,f P."·5' 
This ra lio is used 10 eSlablish Ihe Iransmiller power and antenna paramelers 
requ ired for a given performance specificalion. If. Ih rough Ihe appl icalion of 
signal-processing lechniq ues. Ihe signal-Io-noise ra lio a l Ihe receiver outpul is 
beller Ihan Ihe inpul ra lio. Ihen Ihe effective inpul signal-Io-noise ra lio is S. 
muhiplied by Ihe improvcment faclor. onsidera li ons o f radar-syslem design 
and performance are given in Volume II . 

6-7 RADIOMETER OPERA'fION 

The function of a radiometer i to measure the antenna radiometric tempera­
lu re T~. which represenls Ihe'rad ialion power delivered by Ihe anlenna 10 Ihe 
receiver. The measurement process is characterized by two important att ri­
bUIes: ( I) accuracy and (2) precision. 

6-7.1 Measurement Accuracy 

Conceptuall y. Ihe Iransfer function o f Ihe radiomeler receiver is established by 
measuring the output voltage as a fu nction of the noise temperature of a noise 
source connected to the receiver input termi nals in place of the antenna. 
AHcrnalively. ca libralion is achieved Ihrough Ihe use o f a swilch placed a l a 
poinl as close to Ihe antenna as possible. The scheme is shown in Fig. 6. 12(a). 
Also. if Ihe radiomeler employs square-law dCleclion. which most radiomelers 
do. its output voltage is linearly related 10 the nOise temperatu re or the input 
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Fig.6. 12 Calibr3110n or \i microwave radiometer: (a) conhguralton: (b) calibration hne 

source. Therefore, il is sufficienl 10 measure Ihe OUIPUI volwge corresponding 
to each of two inpul no ise lemperalUres 10 eslablish Ihe cahbrauon Ime (FIg. 
6. 12(b». This cali bra lio n line then is used for converlmg the oulPUI vol l~ge 
measured by the receiver (when connecled to the an lenna) 10 antenna lempera­
ture values. Assuming Ihat Ihe calibra lion measuremenlS are ,;"ade ":llh .a 11Igh 
degree of measurement precision, Ihe absolute accuracy of TA I~en I ~ dlclaled 
by the accuracy wilh which Ihe absolule values of Ihe cahbrauon n Oise 
lemperalures a re known. If a passive device. such as a malched load (reslslor). 
is used as a calibration source, its noise temperature accurac~ may. be malO­
lained within I K or bener by controlling Ihe lemperalure of lIS envIron men!. 
In praclice. however, other sources o f error also contnbule 10 Ihe absolule 
measuremenl accuracy o f T~. as discussed III Secuon 6- 16. 

6-7.2 Measurement Precision 

I r',diometric terminology. the radIometric sensa/uay (or radiometriC resolu-
~ )' A T is defined as Ihe smallest ch,mge in T~ that can be delecled by Ihe 

lion u . . . I .. I s given 
radiometer ou tput. A more rormal derini llon. tn t lC SlallslIca sense. I 

below. 
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Consider the total-power radiometer system shown in Fig. 6. 13(.). The 
antenna is connected to a superheterodyne receiver of bandwidth B and tOtal 
power gain G, followed by a detector and a low-pa s filter. The power 
delivered by the antenna usually is broadband noise extending over a wider 
bandwidth than the receiver bandwidth B. The function of the RF amplifier is 
to filter the input signal by amplifying the frequency components contained in 
the bandwidth B centered at the RF frequency of interest.!. F' The mixer and 
I F amplifier tran late the RF band of signals of bandwidth B to the same 
bandwidth at the IF and provide further amplification. In practice. the RF 
amplifier usually has a wider bandwidth than that of the IF amplifier, and 
therefore the predetection bandwidth B is effectively determined by the IF 
amplifier bandpass characteristics. Such a system consisting of RF-to-IF 
translation of a single band of width B is called a single-sideband receiver (see 
Problem 6.3). 

Without an RF amplifier (or with a very wideband amplifier), the IF 
signal band contains signals from two RF bands centered at frequencies I, and 
I" where 

1, =lw - I'F' 
I, =Iw +I'F' 

Because the input signal at each RF frequency, I, "nd I, . is of bandwidth B. 
the total input power for such a double-sideband receiver is twice the input 
power received by a single-sideband receiver, since in the latter. onc of two RF 
bands is rejected by the RF amplifier. Although the signal power is larger by a 
factor of 2 (assuming that the antenna temperature T~ is about the sa me at I, 
and I, ). the absence of a low-noise RF amplifier usually resu lts in an increase 
in receiver noise temperature by a much larger factor (see Fig. 6.26). Further­
more. if the total available frequen cy band is fixed . the si ngle-sideband receiver 
can be designed to use the entire bandwidth, while in the double-sideband 
receiver, part of the available bandwidth is no t used. This consideration is 
particularly pertinent in niicrowave radiometry. To avoid the threat of inter­
ference from radio transmitters, radiometric observations usually are made in 
the " protected" frequency bands allocated for radio-astronomy observations 
(Table 1.3). As will be shbwn later. the radiometric measurement sensi tivity 
(resolution) improves with increasing bandwidth B. Hence, to take full ad­
vantage of the relatively narrow width of a protected band. si ngle-sideband 
receivers are preferred. 

A representation equivalent to Fig. 6.13(a) is shown in Fig. 6.13(b). in 
which the antenna is replaced by a noise source with output power p~ = k T~ 8 
and the receiver (including transmission line) is replaced by a combination of a 
noise-free receiver and an input noise source with output power given by 
PH EC = kTREC B, where TREe is the equivalent input noise temperature or the 
transmission· line-receiver combination. The total system input noise power is 

Ps,'s = P~ + p;u;c 
= kTSYS B. (6.34) 
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vhere 

(6.35) 

The IF amplirier (average) output power P". is given by 

(6.36) 

'igure 6. 14 illustrates the voltage waveforms and corre;ponding power speCtra 
t several points between the RF input and the final outpu!. Since the input 
"'wer consists of thermal noise. the instamaneous IF vohage is described by. 
i.ussian probability distribution with zero mean. and. as shown in Section 
-2.3. its envelope is Rayleigh distributed. Thus. 

{ 

V'e - V.' / 2. ,. V,>O. 
p(V,) = 0' 

0, V,,,O, 
(6.37) 

Ihcre ° is the standard deviation of the Gaussian distribution. The mean value 

o 
s, 

Spectrum of 

r 
Incident 
Radiation 

kTJ r-B 
f~r 

B 

de Component 
at Component , 

G • Power gain of pretteleclion section (between RF amplifier Input and IF 
amplifier outpull. 

S, • Power spectral density. W Hz I 

Fi~. 6.14 TOlal-power radiometer With a ,l,uperhc lcrodync receiver The )Ignol vohage 3Jld 
Irrc~pondlnr. .l>JX."Clrum ar( shown at vanau!> Mage) 
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f V' can be ea;ily shown to be given by a , 

Vl = 20 2 . , 
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(6 .38 ) 

Without loss o f generality. we "ssume that the 1 F power is developed across a 
I-ohm resistor. which leads to 

- 2 ' P - V = 20-I F - r . 
(6.39) 

d Vd' is related to its input. V,. via The output o f the square-law etector. 
the relation 

Vd = CdV/, (6.40) 

where Cd is the sq uare-law detector power-sensitivity constant (volts per wall). 
The average value of Vd is given by 

~ = CdV.' = 2Cd o' = Cd P,F 

= CdG k BTS>'s (6.41) 

. a 'r P (except (or and represents the average value or the Input nOise p we. .\)s 

muhiplicative constants). 7 b' verled 
Using (6.40). the Rayleigh distribution given by (6.3 ) may c con 

to a distribution (or Vd (rom 

which leads to the exponenti,,1 distribution 

I I I i' p(Vd )= = e ' '. 
Vd 

( 6.42) 

I by (6 41) The variance o( V, is 0d and is obtained whose mean va ue IS gtven .. I 

through 

which can be shown to lead to 

or 

, - -V' 
OJ - d' 

(6.43) 

(6.44) 

(6 AS ) 
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In terms of the input power P.H S ' V. (the dc value of Vd ) represents its average 
value a~d 0d (th~ rms value of the ac component) represents ..!he statis tical 
uncertainty aSSOCIated wllh the measurement of PS I' (through V). ertainl 
s h h' h I If " . S d y. uc a Ig eve 0 uncertainty as gIven by (6.45) IS not an acceptable resuh. 
The solutIon to tillS problem is to fiher out the high-frequency nuctuations of 
the detected vohage. which is equivalent to averaging V over some interval f 
ti~ne T. This is precisely the function of the low-pass fihe~ (integrator) shown ~n 
FIg. 6.14. 

The v0i!.age V •• , at the output of the low-pass fiher consists of a dc 
component Vo , and an ac component V . 

U ur" 

(6.46) 

According to the results of Section 7-2.4. integrating a random signal of 
bandWIdth B ?ver a tIme T leads to a reduction of its variance (normalized to 
the square of liS mean value) by the factor N = BT. That is. the ratio a' / ii' 

h I f 'l . OUI O IU 
at t c ow-pass I ter output (where 0 IS the standard devialion of V ) ',S 

, ~ ow ow 
related to ad / Vi at the fiher input by 

(6 .47) 

Using (6.45). we have 

(6.48) 

The dc output voltage v.., is directly related to the average input power P 
(and therefore to the radiometric temperature TSys ) through SYS 

i!;,IU =gLF~ 
= 8LFCdGkTSYSB 

(6.49) 

where 8LF is the voltage gain of the low-pass filter. and Gs . termed the system 
gain [aclor, is an abbreviation for 

(6 .50) 

Assuming that all the system parameters in (6.49) are constant. (6.48) is 
equivalent to 

(6.51) 

, , 
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where 6TSYS IS the standard deviation associated with the measured (estimated) 
value of TSYs. 

From an observation standpoint, 6 TSYS may be viewed as the minimum 
change in TSYS that is necessary to produce a detectable change at the 
radiometer output, where detectable change is defined as a change in the dc 
level of the output voltage equal to the standard deviation of the ac compo­
nenl. Recalling that TSYS = T~ + TR F.C and that TRfc (the receiver input noise 
temperature) is independent of the radiation incident upon the alllenna. (6.51) 
may be rewritten as 

A. _ TSYS _ T~ + TRI:."C 
6T- 6TSYS - r;;- - r;;-

VBT VBT 
(6 .52) 

where 6 T is regarded as the minimum detectable change in the radiometric 
antenna temperature T~ of the observed scene. The above equation defines the 
radiometric sensitivity (or resolution) of an idea/total-power radiometer with 
no gain nuctuations. As will be discussed in the next section. this assumption is 
not always valid. To emphasize the importance of this assumption. AT will be 
denoted 6T,OfAI .. and (6.52) rewrillen in the form 

(6.53) 

In the above derivation. the low-pass filter was characterized as having an 
illlegration time T. We shall now relate T to the filter power transfer function 
GLF(f)· 

The effective bandwidth BLF of a low-pass filter is defined as the band­
width of an equivalent ideal filter with a rectangular passband extending from 
zero to Bu: hertz. and of constant gain equal to the maximum gain Gmu \ of the 
actual filter. In practice. Gmu, = Gu(O). Thus. 

(6 .54) 

An ideal integrator of integration time T relates the output voltage V" .. , to 
the input voltage Vd through 

(6.55) 

If we define the ideal integrator (low-pass filter) by the rectangular llme 
function 

for 1- -r < I '< I. 

otherwise. 
(6 .56) 
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then (6.55) may be rewnllen as 

V" u,(') = f oc h( T- t')Vd(t ' )dt ' . 
oc 

(6.57) 

which we recognize as a convolution integral. Since convolution in the time 
d omain corresponds to multiplication in the frequ ency domain. the power­
frequency transfer function of an ideal integralOr i the square of the magni-
tude o f the Fourier transform of h( T- t ') : -

G, (/) = I ~l { h( T- t ' ) W. ( 6.58) 

The Fourier transform of a rectangular function is a si ne function. thereby 
leading to the result 

(6 .59) 

The equivalen t bandwidth B" of an ideal integrator may now be ob tained by 
inserting (6.59) into (6.54) and performing the integration. The result is 

(6 .60) 

The above result now may be used to defm" the equIvalent ideal integration 
time o f any low-pass filt er as 

(6 .6 1 ) 

It is interesting to notc that an ide,iI integrator is not the same as an ideal 
low-pass filter; an ideal integrator is described by a rec tangular fun ctio n in the 
time domain. while an ideal filter is characterized by a rectangular passband in 
the frequency domai n. In terms of smoothing (filtering) out ac nuc tuations. 
however. the two are equivalent if the in tegration lime of the ideal integrator is 
eq ual to the reciprocal of twice the bandwidth of the ideal filter. 

One of the main objectives of this section has been to derive the rad iome­
ter sensit ivity equation given by (6.53). The trea tment was based on Gaussian 
noise stat istics and essentially consisted of track ing the de and ac components 
of the noise voltage from the IF amplifier ou tput to the low-pass filter ou tpu\. 
An alternate. eq uivalent approach would be to perform the tracking in the 
freq uency domai n. as shown by Tluri (1964) and by Eva ns and McLeish 
(1977) . Tiuri 's derivation conveniently leads to the following definition for the 

r. 
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equivalent predetcction bandwidth B o f a nonrcctangular power-transfer func­

tion G(/): 

_ [fG(f)dfj' 
B- oc 

fo G2(f)df 
(6 .62) 

Figure 6.14 shows the power spectra at different stages in the radiometer 
receiver, adapted in part from Tiuri ( 1964). to whom the reader IS referred fo r 

details. 

6-8 EFFECTS OF RECEIVER GAIN VARIATIONS 

As we stated earlier. the expression fo r tJ. T given by (6.52) accounts only for 
the measurement uncertainty due to noise nuctuations and does not m~orpo­
rate receiver gain nuctua tions. For convenience. (6.52) is repeated below on the 

form 

(6 .63a) 

where the sub cript N denotes /lOIse-caused uncertainty. . 
The output voltage of the IOta I-power radiometer is directly proporllonal 

to several system factors (see (6.49» that were assumed to be con~tant on the 
derivation leading to (6.52). In practice. this is a fai r assumpllon for the 
postdetcction stages. but may not be valid for the predetcclIOn power gaIn G~ 
Gain variations in the predetecti on section anse pnmartly from the RF 
amplifier and sccondarily fro m the mixer and I F amplifier. . . 

Since V is linearly related to the product GsTSys. an oncrease on Gs by 
tJ.G will be O';;isinterpreted by the output as an increase in Ts l's by tJ. TSIS = 
T. s ( tJ.G I G ). Long-term (slow) variations o f Gs. with periods of the ~rder o f 
';i:;utes:ma~ be factored o ut approximately by calibrating the :adlometcr 
output voltage agains t known input noise sources as frequentl y a~ IS pracllca­
ble. However. calibration d ocs not el iminate short-term (fa st) gam vamlllons 
tha t occur over intervals smaller than the period between successIve calobra­
tio ns. Statistically. the rms uncertainty in T~ due to system gai n varia tions may 

be defined as 

(6.63b) 

where Gs is the average system power gain and tJ.Gs is the effcct lve value (rms) 
of the detccted power gain variation (ac component). 
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Since the noise ~ncertainty tlT" and the gain uncertuinty flTc; are caused 
by unrelated mechamsms. they may be considered statistically independent. in 
whIch case the total rms uncertainty is given by 

6T= [( AT", )2+ (ATG )2]' /2 

_ [_I (AC,<)211f2 - Ts,'S B + --
7 Gs (6.64 ) 

The above ~xpression defines the radiometer sensitivity of the total-power 
radIometer. incorporating the effects of both noise and gain variations. 

To gain an appreciation for the relative significance of the two sources of 
measuremelll un"':rtailllY, let us consider the following example. A total-power 
radlo":,eter operating at a celller frequency of 1.4 GHz is characterized by the 
follo,wlng parameters: T~£c = 600 K, B= 100 MHz. 7= 0.01 s, and AGs/ G, = 
10 . For an antenna temperature 7;; in the neighborhood of 300 K. the above 
values lead to the following conclusions: 

AT", = 0.9 K . 

ATG = 9 K, 

AT= 9.05 K . 

That is, the radiometer sensitivity is governed effectively by gain variations. 
The desired sensitivity in remote-sensing observations usually is of the order of 
I K or less. To reduce AT of the above radiometer to I K, the product 
TSys(AGs / Gs ) has to be reduced by a factor of 20. Since T. = T' . + T' the 

al l ' . Sys RfC A' 
sm est pOSSIble value It can have is TSYS = T', which corresponds to an ideal 
noise-free receiver. T~ may vary between a fe~ kelvins and 330 K for natural 
(~erres t rial) scenes. Hence, even with a noise-free receiver, the desired resolu­
lion of I K cannot be achieved without improving the gain variation factor 
(AGs I Gs )· Typical'!, the gain variation factor for low-noise microwave ampli­
f,ers IS between 10 and 10 ' ; therefore they would not be readily suitable 
for use In tota~-power radio",eters. Gain variations may be reduced by an 
order of magllltude or beller by controlling the sources that cause these 
var!ations, namely, pow~r-supply voltages and environmental temperature 
vanatlOns. Th,s may prOVIde an acceptable solution for a total-power radiome­
~e~ operating in the centimeter wavelength range. but at millimeter wavelengths 
It IS dlfftcult to construct highly stable receivers with AG I G <;; 10 '. 

One possible solution to the gain variations proble~ is Sto use a receiver 
with no RF amplifier. In this case: the receiver noise temperature T~£c may be 
as large as 3000 K or more. but without the RF amplifier, values of AGs/ G

s 
as 

low as 10 • to 10 ' are achievable (Hersman and Poco 1981). and therefore 
the product TSys(AGsIGs ) may be reduced to about 0.1 K. Other approaches 
are d,scussed in the following scetions. 
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6-9 DlCK.E RADIOMETER 

Although a limited number of studies have been conducted to evaluate the 
nature of system-gain nuctuations (Steinberg, 1952; Colvin, 1961 ; Yaroshenko, 
1964; Hersman and Poco 1981), it is generally observed that: (I) the power 
spectra l density of Gs (nuctuation spectrum) decreases with increasing 
frequency as II / or faster, (2) the bulk of the nuctuation spectrum lies at 
frequencies below I Hz, and (3) practically no nuctuations with frequencies 
above I kHz exist. Through the example cited in the previous section, it was 
concluded that gain variations are often the limiting factor to achieving high 
radiometric resolutions (small values of AT). In 1946, the gain-variation 
problem was alleviated by Dicke (1946) through the use of modulation 
techniques for reducing the effects of gain nuctuations in a radiometer. 

A block diagram of the Dicke radiometer is shown in Fig. 6.15. It is 
basically a total-power radiometer with two additional features : (I) a switch, 
which has become known as a "Dicke" switch, connected at the receiver input 
(at a poilll as close to the antenna as possible) and used to modulate the 
receiver input signal. and (2) a sy nchronous demodulator (also called synchro­
nous detector) placed in between the square-law detcctor and the low-pass 
filter (integrator). The predetection section consists of the RF amplifier, mixer, 
and IF amplifier and is characterized by a predetection power gain G and 
bandwidth B. 

The modulation consists of periodically switching the receiver input 
between the antenna and a constant (reference) noise source (Figure 6.15) at a 
switching rate higher than the highest significant spectral component in the 
gain variation spectrum. That is, the switching rate h is chosen so that over a 
period of one switching cycle (typically between I and 20 ms) the system gain 
G essentially is constant. and therefore idelllical for the half-cycle dunng 
which the receiver is connected to the antenna and the half-cycle during which 
the receiver is connected to the reference source. For square-wave modulation , 
the detected dc outputs corresponding to the antenna and comparison-source 
powers arc, respectively. 

(6 .650) 

(6.65b) 

where T. u is the reference-source noise temperature and " ( = II !.) is the 
period of one switching cycle. The receiver noise temperature T;. EC Includes 
noise contributions from the input switch , which typically arc between 7 and 
75 K (Section 6-15. 1). 

/ Superimposed on the dc voltages arc ac components due to noise and gain 
rructuations. The synchronous demodulator (Figure 6.15) consists of a switch 
that operates in synchronism with the input Dicke switch, followed by two 
unity-gain amplifiers (in parallel), with opposite polarity, one to receive 



370 

;------ -, , 

~ 
, , . 
:.3 ~ 
, ~ ¥ 
:~~ 
,~ , , r;:- -----~ • , 

> ~ 
, 

0 0 , ,. 
I-~ 

, I 6 1 , , 
• , 

I ~I 0 . , 
~ iH' , 

§I ~ 
, 
I "'5 a:I , 

~ J: D " , 
I ~I , 

~ ~ . ~ , , 5/ .. C •• ~ , I '0 ~ ~ i 1j1 , 
Z-lI .l! I!I , I , • , 

I 
ot 

I 

~ . - I I .~ .~ • • .,\0 I .~ ~ I 
I n l .:-;: 

~ 
I ~.~ I 
I 

-z 
.~ a. I 

L_ -- ___ !.::J 

Radiometer Systems 

f--~-) 

~ 
II • e / 0 
-6 e . 
~ 

~ 
0 
~ 

'0 

~ 
-6 

~ .. 
c 
0 

" v c 

" U. 

'" ~ ... 
ii: 

6-9 Dicke Radiometer 371 

Vd ANT{I) and the other to rcceive VdRu(t). The unity-gain amplifier outputs 
are then summed and fed into the low-pass filter (integra tor). Accordingly. the 
dc output of the synchro nous demodulator is 

~I" = !(~A/'IT- VdRtF ) 

(6.66) 

With an integration time T. the ou tput of the low-pass filt er is effecllvely equal 
to 

(6 .67) 

With most o f the ac fluctu ations removed by the integra tion. the output 
voltage consists of a dc component . V"". and a relatively very small ac 
component with rms va lue 0 o,,, From (6.66). V"" is gi ven by 

V"., = jg" .CdG k B (T~ - TREf') 

={ Gs (T~ - TRI.F)· (6.68) 

In addition to fil tering out most o f the flu ctuating component of V,,,,(I). the 
low-pass filter also filters out the ac componen ts at /, and its higher harmonics 
(due to the square-wave modulation). That is. the swi tching rate Is must be 
much larger than the low-pass filter bandwidth Bu' The rela tionship between 
Is and Bu also may be considered from the viewpoint of the sampling theorem. 
8Lf represents the range of frequencies of the flu ctua ting component of the 
input signal that is retaine" in the output voltage. and /, represents the 
frequency at which the input s ignal is sampled. To satisfy the sa mpling 
theorem. Is ~2BI.F' 

According to (6.68). the de output voltage is proportional to the difference 
between T~ and TREF• and is Independent of the receiver noise temperature 
r1u.c -

Next. we shall derive an expression for the radiometric resolution 6 T of 
the Dicke radiometer. We start by rewriting (6.68) in the followi ng form : 

(6.69) 

The ac component of V".,( I ) consists of three contributions: 

I. Gain variations. which from (6.66) lead to a gain uncertainty 

/ (6.70) 

2. Noise v"nations o f r. + T~ £c. which upon integration ror a period T / 2 
(a ntenna IS observed during only half of the integration time T) lead to a 
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noise uncertainty (see (6.63a» 

Il T _ T~ + r;u;c 
NAN1 - 18T/ 2 

fi( T~+TRUC ) 
{ih (6.7 1 ) 

Noise variations o [ (TNU + TRIX ). which. similarly. lead to 

(6 .72) 

\ ssuming that the above three uncertainties are s tatistically independent, the 
otal radiometric resolution is given by 

(6.73) 

vhich reduces to 

[ 2(T~+TREC )'+2(TRt'F+ TRF.C )' (t1G . ) , ]' / ' t1 T = '. + -" (T' _ T )' 
B1" Gs A RtF . 

(6.74) 

=or reasons that will become obvious later, the above e.pression will be 
'derred to as the radiometric resolution (sensitivity) o[ the IInbalanced Dicke 
·adiometer. Examples o[ sa tellite Dicke radiometers operating in the unbal. 
mced mode arc the 19.35·GHz Nimbus 5 and the 37·GHz Nimbus 6 electri. 
:ally scanning microwave radiometer (ESM R) systems; parameters o[ the 
'-limbus 5 ESMR are summarized in Table 6.1. 

Be[ore we proceed further. let us compare t1T o[ the unbalanced Dicke 
'adiometer with that o[ the total· power radiometer considered earlier. For 
8 = 100 MHz, T= I S, TREC = 700 K. and t1Gs / Gs = 10 - ', Eq. (6.64) gives the 
,alues 

{
7 K 

t1T(Total Power) ", 10 K 
[or T~ = 0 K . 

[or T~ = 300 K. 

I[ we choose the reference noise temperature TRI• f = 300 K. (6.74) gives 

{
3 K 

t1 T(unbalanced Dicke) '" 0 
.2 K 

[or T~ = 0 K. 

[or T~ = 300 K. 

)verall . the radiometric resolution o [ the unbalanced Dicke radiometer is 
;uperior to that o[ the total·power radiometer. O[ particular significance, 
lOwcver. is the condition T~ = T'H:F' because when this condition is mel. the 

( 

) 

I ' 

l'ADLE6. 1 
Nimbu'i 5 Electrically Scanning Microwa~e Radiomeler 

(ESMR) Flight Model Parameters-

Anlcnna: 
Anlenna 1)'pC 
Aperture siu: 
Halr· power beamwldth 
Beam effiCiency 
Beam scan angle 
Antenna loss 
Polanzalion 

Rndiomclcr; 
Center frequency 
I)redctecllon bandwidth 
Mixer nOlsc figure 
dT ... ,,,b 
Absolute accuracy 
Dynamic range 
Calibra tIon 

(al Rdcrenct load 
(b) Ambient load 
(c) Sky hom antenna 

Pha!>Cd array 
83.3 COl X 8.s.s em 
14°X I.4° (atnadlr) 
9O- 92.7'l. 
· 50' 
17dB 
Horizontal 

1935 Gil, 
200 MH, 
6.5 dB 
U K 
2K 
50- 330 K 

l3KK 
Local ambient 
3K 

- From Nlmbl4S 5 Usu 's Gwdi' (NASA. 19721 
bFor 41·m~ mtegratlon time 
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second lerm inside Ihe square brackels o [ (6.74) goes to zero. thereby eliminat· 
ing the errects o[ gain variations altogelher. When T~ = TNU' Ihe radiometer is 
said to be balanced. in which case (6.74) reduces to 

t1T= 2(7:;+T;..c) 
{ih 

(balanced Dicke radio meter) 

= 2 t1 TID • A I. ' (6 .75) 

o r twice the Iheoretical sensilivily o[ an ideal to tal· power radiometer ([ree o[ 
gain variations). The [actor o[ 2 comes about [rom the [acllh" T~ is observed 
[or o nly hair the time. . 

Techniques used [or continuously maintaining the Dicke radi ometer 111 a 
balanced state are discussed in the next section. 

Sometimes. practical considerations dictate that the square wave at the 
output o[ Ihe square·law detector be ampli[ied prior to [ceding it into Ihe 
synchronous demodulator. A video ampli[ier is u cd [or Ihis purpose. To 
preserve the square·wave shape o[ the detected signal. the video ampli[ier must 
be capable o[ providing equal amp)j[jcalion 10 all o[ the major harmoOlcs.o[ 
the sqvare/wave signal. which means that the bandpass o[ the video ampli[,er 

. should extand [rom below t, to at least 5/,. and preferably 10 as high as lOt,. A 
squa;e wave consists o [ only odd harmonics. wilh the amplitude o [ the first 
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harmonic eq ual to 4/ " times the amplitude o f the square wave. and the 
amplitude of the 11th harmonic equal to 1/ 11 times the amplitude of the first 
harmonic. This places an additional requirement on the necessary dynamic 
range of the video amplifier and makes it vulnerable to noise saturation. To 
avoid this problem. some Dicke radiometers employ a narrow-bandpass 
amplifier tuned to /,. but whose bandwidth exceeds the bandwidth of the 
low-pass filter. Bu' With only the first harmonic of the square wave reaching 
the synchronous demodulator. the de ou tput of the synchronous demodulator 
is smaller than when the full square wave is used. which leads to a reduction in 
radiometric sensi tivity (larger AT) by a factor of (".[2 / 4)= 1.11. or approxi­
mately II percent (Tiuri. 1964). The simplification in system design and 
specificatio n brought about by the si nusoidal demodulation. with a relatively 
small cost in terms of loss in radiometric sensitivity. has made the square-wave­
modulated. sine-wave-demodulated Dicke radiometer a popular choice. The 
merits of o ther modulation and demodulation waveforms have been considered 
also (Colvin. 1961 : McGillem and Seling. 1963) but in terms of the radiometric 
sensitivi ty AT. using square-wave modulation and demodulation gives the best 
results. 

6- 10 BALANCING TECHNIQUES 

A Dicke radiometer is said to be balallced if 

~/ANT - VdRl:. F = 0. (6.76) 

where V. ANT is the dc component of the detected voltage during the half cycle 
that the receiver input swi tch is connected to the antenna. and a si milar 
definition applies to ~/RFF' In the balanced condition. ~I" = 0 and conse· 
quently v. .. , = 0. With reference to (6.65). the balanced condition may be 
rea lized by either: ( I ) adJustillg TRI I' to equal T~ (or vice versa) prior to the 
input swi tch. o r (2) controlling the predetection gain of V.", 1 and V. UI' 

separately. in such a manner that the two voltages are made equal. ome 
examples of feedback configmations. proposed to realize automaticillly bill­
anced operations in a Dicke radiometer. are discussed next. 

6- 10.1 Reference-Channel Control Melhod 

Figure 6.16 is a block diagram of a null-balancing Dicke radiometer employing 
the reference-channel method (Machin et al.. 1952). A feedback loop is used to 
control the magnitude or Tiu'" so that it continuously billances the antenna 
temperature T~ . This is realized by feeding the integrator output into a control 
circuit that applic the necessary voltage (or curren t) to an elcctronically 
controlled variable attcnuator to maintain a null at the integrator outpUl. In 
this case. the control voltage V, becomes the output voltage to be recorded. 

6· \0 BalanCing Techniques 
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si nce it is rdated to Tou, which, in the balanced condition, is equal to 7;:. Thc 
rad,ometer Is .callbrated by measuring Vc as a fun ction of the noise tempera ture 
TCAL of a c~lIbratlon nOIse source put in place of the antenna (or through the 
use of a calibration SWllch as shown in Fig. 6. 12). In general. the ca li bration 
Curve may be nonlinear, thereby necessitating that V, be measured over a wide 
range of values o f TCAL' 

Returning to Fig. 6. I 6, the reference noise temperature T. u is in part due 
to the nOIse generated by the noise source and in part due to self-emis ion by 
the attenu3tor, 

(6 .77) 

where TN is the noise tempera ture of the source, L is the loss factor of the 
a ttenuator, and To is its physical temperature. As a function o f L. the limiting 
values of To u are To ,-,. = TN for L = I (no attenuat ion) a nd T. u = To for L 
very large. Conceptually, TN and To can be specified so that the range between 
them cover~ the mnge ~f values over which T~ is expected to vary. In practice, 
however, thIS specIfIcation cannot be rcalized with passive noise sources unless 
cryogenic cooli~g is used (the use of acti ve " cold" sources is discussed below). 
To Illustrate wllh an example, consider a radiometer system specified to 
opera te over the ra nge 50 K" T~ ... 300 K. The upper limit of T' can be 
accommodated easily by maintaining the envi ron men ta l tempera lU~e of the 
front end of the radiometer, including the a ttenuator, at To = 300 K. which for 
L very large, gIves Tou = T~ = 300 K. To accommodate the lower limit o f T'. 
TN has to be assigned a value of SO K (or lower). If a matched load is used ;~ 
the noise source, it has to be physically cooled to the desired noise tempera­
ture. Moreover, for real. variable attenuators. the los~ factor L cannot be 
reduced all the way to unity. and therefore the tempera ture of the matched 
load has to be lower than SO K in order to compensate for the noise power 
genera ted by the a ttenuator.' Cryogenic techniques sometimes a rc used in 
grou~d-based radiometer systems to reduce che receiver noise temperature and 
c~rta,"ly may be used to ~l the matched load of the radiometer system under 
dI SCUSS I? ". H ?wever, 10 airborne and spacebornc operations. cryogenic cooling 
u ually IS aVOIded because of the large amounts of power req uired to maintain 
the cryogenic nuids a t the desired temperature. 

Traditionally, ac tive noise sources have been used to p rovide noise tem­
peratures in excess of their ambient temperatures, thereby relyi ng on cryogeni­
cally-cooled matched loads for low noise- temperat ure SOurces. Recent 
ad ~ances in FET technOlogy, however, have led to the development of an 
aCllv~ ci rcuilihat behaves like a noise Source with an output noise tempera ture 
tha t IS much smaller than its ambient temperature; Frater and Williams ( 198 1) 
have developed the theory for such a "cold" FET device, which they ca ll a 
CO LDFET, a nd have demonstra ted that a noise temperature as low as SO K 
can be achieved at 1.4 G Hz. Future developments will undoubtedly extend the 
use of the COLDFET to higher microwave frequencies. 

6· 10 8alanclng Tcchmqu~ 377 

If, instead o f con trolling the input noise temperature of the reference 
channel to equal the noise temperature of the antenna cha nnel, the reverse is 
done, the cryogenic refrigeration problem associated with the usc o f passive 
devices can be allevia ted. Th.is approach is discussed nexl. 

6-10.2 Antenna-Channel Noise-Injection Method 

The configuration shown in Fig. 6. 17 was proposed by Goggins ( 1967) to 
achieve null bala ncing through the use of noise injection into the line connect­
ing the antenna to the input switch. The front end of the radiometer - including 
the reference load, the variable a ttenua tor, and the direction al coupler <as well 
as o ther RF devices)- is enclosed in a constant-temperature cha mber at a 
temperature To slightly higher than the highest specified va lue for 7;: (for 
reasons that will become obvious later). In o ther words, when the input switch 
is connected to terminal 2 (Fig. 6.17), the input noise temperature is TREF = To 
= constan l. To balance the reference load, a sufficient amount o f noise power 
is injected into the antenna port through a directional coupler SO that the input 
noise tempera ture 7;:' appearing at the input swi tch (terminal I in Fig. 6.17) is 
equal to TR £F' 

(6.78) 

The amount of injected power is con trolled by the variable attenu a tor, which 
itself is contro lled by a feedback network. The noise temperature T~' is related 
to the antenna noise temperature T~ through 

T"= (I - ...!..)r+ TN 
A ~ A F.: ' (6 .79) 

where F, ( ;;' 1) is the coupling factor of the directional coup ler. TN is the noise 
temperature of the injected noise at the input to the directional coupler and is 
given by 

, _ TN ( I) 
TN - T + I - I: To· (6 .80) 

Combining the above three expressions leads to 

(6 .81) 

The radiometer output indicator is the attenua tor control voltage V, . If V, is 
scaled and linearized so that V,= I l L, then (6.81) becomes a linea r .relation­
ship between V, and T~ : 

(6 .82) 
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Suppose Ihal Ihe radiomeler is specified 10 operale over Ihe range 50 K .. T~ " 

300 K. LeI us choose To= 310 K. and leI us use a 20-dB direclional coupler 
(F, = 100) and an avalanche noise diode having an oUIPUI power noise lemper­
alUre TN of 50,000 K. From (6.81). L has 10 vary belween 1.9 ( "" 2.9 dB) and 50 
( "" 17 dB) 10 cover Ihe specified lemperalure range. This dynamic range of 
14. 1 dB can easily be accommodaled by a PIN diode allenualOr. which is a 
current-driven device capable of more Ihan 40 dB in linear dynamic range. The 
minimum loss faclor (usually called inserlion loss) of a PIN diode Iypically is 
aboul 2 dB. Thus. Ihe values chosen for To. F,. and TN resull in a range of 
values for L Ihal is compalible wilh the capabilities of a PIN diode. Had we 
chosen To 10 be exaclly equal 10 T~(max) = 3oo K ralher Ihan 310 K, L would 
have had 10 have been infinile 10 produce null balancing. 

Since Ihe noise lemperature Seen by Ihe inpul switch is always equal 10 To. 
Ihe sensilivily is given by (6.75) wilh 7:; = To. 

(6 .83) 

6- 10.3 Pulsed Noise-Injection Method 

Diode allenualOrs are mOSI slable in their exlreme ON and OF!- states. When 
operated in only one or the other o f Ihese two states (by controlling Ihe 
magnitude and pOlarity of the bias vollage), a PIN diode allenuator becomes 
an ON/ OfF switch; in the .Q!:'Lposition it causes minimum attenuation (== 2.0 
dB), and in the OfF position it causes maltimum allenuation (typically 60 dB). 
Use is made of this diode property in the configuration shown in Fig. 6.18 
(Hardy et aI., 1974), which basically i the same as that shown in Fig. 6.17 
except Ihat now the injected noise is generated in the form of narrow 
rectangular pulses rather than continuously. The feedback control circuit 
drives a vollage-controlled oscillator (VeO). which in turn drive a pulse 
generator. The output of the pulse generator consists of narrow rectangular 
pulses, each of length Tp. with a repetition period TO = I/IR' where I. is the 
pulse repetition frequency (Fig. 6.19). When Ihe diode swilch is in the Off 

position (no pulse). we have maximum allenuation which. in effecl. masks Ihe 
noise generated by the noise diode. The resultanl value of T~ is designated 
ToFF, and when the PIN diode is switched by a pulse to its ON position. we 
have minimum altenuation. or a large value of T~ which we shall designate 
TON' Thus. Over a repetition period TR 

(6.84) 

The pulse repetition frequency 10 should be much higher than f.. the square­
wave modulation frequency of the inpul switch. so that many pulses arc 
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r,. Pulse length 
'1 - Repetition Period ,- IIf.1 
' •• Switching Period of I "put Switch 1-, ~> ,.1 

T' 
~rpl--

ON 

I _z -
lOFF 

~ '.-I ,.12------

fo'ig. 6.19 Tilmng dIagram ~howing, the ON and OFF slales or the noise temperature T", that 

is injected through the directional coupler or Fig. 6_18 

generated during the period T, / 2. The average value of TN is 

(6.85) 

where Tpf. is the total time. during one second, that the diode switch is ON. 

If Tp is kept constan..!..!. can be controlled by the feedback loop to provide 
the necessary value of TN to inject into the antenna port (via the directional 
coupler) so that a null condition always is maintained at the integrator output. 
The radiometer output indicator is a frequency counter that measures f •. which 

is linearly related to T~ by 

, f. 
(FJo - T()FF) - (Fe - 1)7;; 

Tp(TON - TO,·F) 
(6.86) 

through the use of (6.78), (6.79). and (6.85). If during its OFF pOSItiOn, the 
attenuator loss factor is high enough to reduce the noise-diode contribution to 
a negligible value. then TOFF becomes approximately equal to To, and (6.86) 

reduces to 

f. = (Fe - l!(TO - 7;;) 
Tp(TON - To) 

(6.87) 

Since To is known, it is sufficient to measure f. at one value of a known noise 
temperature of a calibration source in order to determine the value of the 
quantity multiplying To -7;; in (6.87). The radiometric sensitivity of this type 

of radiometer is given by (6.83). 
The parameters of a 2.65-G H7. pulsed noise-injection Dicke radiometer 

are listed in Table 6.2. The system was developed as a satellite prototype sensor 
for measuring the surface temperature of the ocean (Hardy et a\. , 1974). 
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TA8LE 6.2 
2.6S-GI I-I. Satellite ProIOI)1K' Ocean-Temperalurt.- Sew.ing Radiomcl.:r 

U.,ing Pul~ oi!t('- Injeclion Scheme· 

Ante nna: 
An tenna type: 
Apcnurc sil.t 
Ocnm efficienc" 
Polarization 

R(Idlomelcr: 

Center Frequenc} 
Prcd clccllon bandwidth 
Reccl\cr nOlsc temperature 

SWitch ing frequency 
Diode exec.!>!! "oiM: 
Pulse wid th 
Pul!IC-gencra lor frl'qucncy range 
AT""" (or 1-) inlcgfahOn lime 

- From Hardy CI al (1974) 

6- 10.4 Gain-Modulation Method 

Muillmodc P .. ranudal horn 
35.6 cmX)S 6 elll 

98~ 

Circular 

265 Gllz 
100 Mllz 
60 K 
50 Hz 
36 d ll 
40pll 
0- 12 kllz 
0.15 K 

The balanced condit ion was realized in the methods considered Ihus fa r by 
adjusting the noise temperature of the reference channel to equal the 'noise 
temperature of the antenna channel. or vice versa, at the input switch. Another 
way to effect balance is by modulat ing the gain of the IF output voltage prior 
to the square-law detector. In the configuratio n shown in Fig. 6.20 (Orhaug 
and Waltman. 1962). the modulation consists of switChing the I F o utput 
between a constant atlcnuator and a vari able attenuator for the alternate half 
cycle of the inpu t switch. The attenuator switch is dri ven by the switch-dri ver 
in synchronism with the input witch. The function of the feedback loop is to 
control the va riable a ttenuator'so that its output voltage (corresponding to the 
reference Channe l) is equal to the output voltage of the fixed attenua tor 
(corresponding to the antenna channel). Tha t is. if the loss factor o f the 
variable attenuato r. L

Il
• is adj u~aed to maintain the condition 

(6.88) 

then the de value o f the output voltage will be zero. The system is calibrated by 
rela ting the control voltage V, to the noise temperatu re of a calibra tion noise 
source replacing the antenna. If the voltage V. is sca led and linea rized so that 
V. = I l L , . then V, becomes linearly rela ted to T~: 

(6.89 ) 

6- 10 BalanCing Techrnques 
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Conceptually, the gain modulation may be applied before or after the 
mixer, but in practice it is easier to control the loss factor (or gain) of a device 
operating in the IF frequency range than to control a microwave device. 

One drawback of the gain-modulation technique is that slow variations in 
the receiver noise temperature T~£c (betwecn calibrations) result in a measure­
ment error of the absolute value of T~. This is due to the dependence of V, on 
TREC' In contrast, the techniques employing temperature control to balance the 
radiometer are insensitive to drifts in T; Ee ' Another limitation of the gain. 
modulation technique pertains to the amplitude of the gain modulation, 
L. I Lo. If this factor is large, the gain modulation is liable to produce excessive 
output nuctuations. Thus, for low-noise receivers (relatively small T~£cl, the 
gain-modulation method is useful over a narrow range of the difference 
TREe - T~. 

6- 11 AUTOMA T IC-GA IN-CONTROL (AGC) TECHNIQUES 

Automatic gaill cOlllro/ (AGC) is a feedback technique used for stabi lizing the 
gain of receiver systems. In continuous AGC, the output voltage of the receiver 
is compared with a reference voltage on a continuous basis, and the difference 
between the two voltages is used to adjust the gain of the receiver so that the 
output voltage is maintained at a constant level. Continuous AGC is inapplica­
ble to radiometer receivers because the AGC action removes all varl_tions, 
including those due to the signal (T~) that the radiometer is intended to 
measure. To eliminate the dependence of the AGC voltage on the antenna 
temperature, Seling (1964) introduced the samp/ed-AGC technique in which 
the detector output voltage is monitored by the AGC feedback circuit during 
only the half cycles (of the square-wave Dicke switching period) for which the 
Dicke switch is connected to the (constant-temperature) reference load. Suc­
cessful operation of the sampled-AGC technique depends upon meeting cer­
tain constraints that dictate th<: choice of the AGC bandwidth. as discussed by 
Seling (1964). 

The sampled-AGC technique shares a drawback with the gain-modulated 
radiometer (Section 6-10.4) i[1 that slow variations in the receiver noise 
temperature (between C<1Iibrations) are compensated for as if they were gain 
variations. thereby introducing a bias error in the measurement accuracy of TA. 

The sampled-AGC approach was extended by Hach (1966, 1968). who 
developed the /wOore/erellce-temperature AGe radiometer shown in Fig. 6.21. 
This radiometer has several attractive features: (I) insensitivity to system gain 
variations, (2) insensitivity to receiver noise-temperature variations. and (3) the 
ability to provide continuous calibration . Hach's concept was adopted by 
General Electric (1973) in the construction of the radiometer section of the 
RADSCAT system that was nown aboard the Skylab satellite in 1973. A list of 
the RADSCAT radiometer parameters is given in Table 6.3. 

The discussion that follows is based on the papers by Hach (1966. 1968), 
to which the reader is referred for details. Other than differences in notati on. 

( 

6. 11 Automatlc-Gatn·Contro l (AGe ) Techniques 
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TABLE6J 
Radiomclcr Seclion or Skylab's MDSCAT · 

Antenna: 
Antenna type 
Renector diameter 
Hair-power bcamwidth 
Beam efficiency 
Antenna loss 
Polarization 

Radiometer; 
Cenler frequency 
Predctection half-power bandwidth 
Receiver nOIse temperature 
Comparison temperatures 
Switching frequency 
Video amplifier gam 
AGe integration lime-constant 
A T .... " for intevation time ; 

32m, 
128 illS 

256 ms 

Parabolic rCnl.'Ctor 
114 cm 
loS-
90% 
O.l dB 
Iloriz.ontal and vertical 

Il.9 GHz 
210 MHz 
1195 K 
ll 8 andl9l K 
996 Hz 
42"' 4 dB 
0.9 , 

11 5 K 
0.6 K 
0.425 K 

-General Electric Space Sys tems DiviSion (1913). 

Ihe only nOlable difference is Ihal we shall assume Ihe swilches 10 have such a 
short swilching lime conslanl, compared 10 Ihe switChing periods. Ihal swi lch­
ing bel ween pons may be assumed 10 be essenlially inSlanlaneous. Hach's 
Irealmenl is more general in Ihal il lakes inlo accounl Ihe effecls of Ihe 
nonzero swi lching lime conSlant on Ihe radiomeler signals, al lhough Ihe final 
results are the same as those obtained assuming zero switching lime constant. 

The Iwo-reference-Iemperalure radiomeler shown in Fig. 6.21 uses IwO RF 
swilches: an inpul swilch which conneClS Ihe receiver to eilher Ihe anlenna 
port or 10 Ihe reference port, and a reference swilch which connecis Ihe inpul 
swilch 10 one or Ihe olher of Iwo reference noise sources (loads) with conSlanl 
noise lemperalures T, and T" The swilching frequency of Ihe inpul swilch is 
2[" and it is exaclly Iwice Ihe swilching frequency of Ihe reference swilch. 
BOlh switching waveforms are generaled by Ihe same square-wave generalor of 
frequency 2[" wilh Ihe addilion of a frequency divider prior 10 Ihe reference­
switch driver. 

Wilh reference 10 Ihe switching sequences shown in Fig. 6.22(a) and (b). 
Ihe oUlpUI voltage of Ihe square-law deleclor (Fig. 6.22(c» is given by 

(T~ + TREC ) for O <; I ";;~ 'Ts . 

Vd (t) = Cd Gk8 
(T,+ T' EC) for ~ Ts';;; / :r;;! T.r ' 

(T~ + TREC) for i 'T,< I<l T, . 
(6 .90) 

(T, + T' >c ) for ~ TJ' <; 1";; .,.,. 
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"~ig. 6.22 SWltchmg, sequences or (Il) tnput :,wltch. (bl rdefence l\"ltch. and (e) 
liquare.law.dclcclor OUl put or Hach radlomctcr 

where T, ( = 1/ [,) is Ihe period of onc swilching cycle of Ihe ref~rence switch. 
The components due to noise and gain nucluations have been Ignored. since 
Ihey wilt effeclively be fillered oul by Ihe signal or AGe inlegralors. 

The square-law deleclor is foltowed by an ac-coupled video amplifier wilh 
controllable voltage gain g. and a reclangular passband thai should eXlend 
from aboul 0.01[' 10 10[, (Hach, 1968) in order 10 preserve Ihe relalive phase 
belween Ihe fundamenlal wave al f. and Ihe firsl harmonic al 2[,. The oulput 
voltage of Ihe ac-co upled video amplifier is 

(6 .9 1 ) 
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V •. the dc value of Vd(t). is equal to one-quarter the sum of the four 
components given in (6.90). or 

v. = Ko(27;: + T, + T, +4TR"c )' (6 .92) 

where 

KO~ CdGkB/4 . (6.93) 

Inserting (6.90) and (6.92) into (6.91) leads to 

(27;: - T, - T,) for O.; / .; h " 

(3T, - T, - 2T~ ) for tT.f-- /"":!"s. 
V. (/) = Kog. 

(27;: - T,-T, ) for ! T.r';; I ';; ~T" 
(6 .94) 

(3T, - T, - 2T~) for ~ TJ"';; / t;; TJ ' 

V. (/) serves as the input waveform to each of two synchronous demodulators 
(detectors) : the AGe demodulator and the signal demodulator. The AGe 
synchronous demodulator is followed by a low-pass filter (integrator) with 
integration time T • • , (the reference voltage VR of Fig. 6.21 may be ignored for 
the time being), and similarly. the signal demodulator is followed by a filter 
with integration time T" • . The integrators are. of course. used to filter out the 
noise and system-gain nuctuations. and therefore their bandwidths are of 
prime importance to the radiometric sensitivity (j, T. as discussed later. The 
total voltage gain of the AGe synchronous demodulator-integrator is desig­
nated g •• e' and 8". is defined similarly for the signal branch. 

The AGC demodulator-integrator branch demodulates V.(/) at the refer­
ence frequency [, . The average value of its output voltage is 

(6 .95) 

which, upon inserting (6.94), I~ads to 

(6 .96) 

The signal demodulator-integrator branch performs a similar function, except 
that its reference frequency is 2[,. Hence, its output voltage is given by 

(6 .97) 
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which yieldS 

V",= Kog.g".(2T~ T, - T, ). (6 .98) 

Before we proceed further. it is worth noting the following observations: 

I. Both output voltages, V •• e and V" . , are independent of the receiver noise 
temperature T;' EC' This is due to the ac coupling of the v,deo ampllf,er. 

2. Both output voltages are directly proportional to the factor Kog. 
( = CdG k Bg. / 4), which contains all the RF parameters that give rise to the 
system gain. Hence, the ratio v.,./V •• e is independent of system gain 
variations. 

The two-reference-temperature Dicke radiometer may be_ operated _ in 
either of two modes. The first mode consists of measuring V". and V •• e 
separately and then forming the ratio 

(6 .99) 

from which T~ can be determined. The measurement accuracy of T~ depends 
on the stability o f the reference temperatures T, and T" which. in practice. can 
be maintained constant to within a fraction of a kelvin . Since 8.r., and g erge arc 
low-frequency parameters, they can be maintained at essentially constant 
levels. In this first mode, the gain of the video amplifier is kept ~stant also. 

The second mode of operation uses the AGC output voltage V •• e to drive 
a feedback loop. Since V. e is independent o f T~ and TREC' and since T, and T, 
are maintained constant.'changes in ~'c are due to variations in the receiver 
parameters. Such changes can be compensated for by controlling the vid~o­
amplifier gain with a feedback loop. After experimentally measuring V. ,e 
without feedback, the measured value (call it VR ) then is used to set the voltage 
level of a reference dc vohage source. 

With v..e maintained equal to V. by the feedback loop, the ratio of (6.98) 
to <P-96~ yields 

- _ V.g". (27;: - T, - T, ) V ---
". g T. - T . er,," 2 I 

from which the following expression for T~ is obtained : 

T~ = .!.[v',. ( : •• e )(T,-T,) + (T,+ T,)] . 
2 R8,Jls 

(6 .100) 

(6 . 101 ) 
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rhe radiometric sensitivity tlT is given by (Hach. 1968) 

tlT= _I {[I ~ ( 
IDT". I 

(6.102) 

"here Tug , and T". arc the in tegrat ion times (not time constants) of the AGe 
IIld signal channels. respectively. For comparison purposes. the ratio of tl T as 
~iven by (6.102) to tl T of the balanced Dicke radiometer (Eq. (6.75» is shown 
n Fig. 6.23 as a function of TA' for several values of the ratio T IT The ugC' ~ 'g' 

,alues used for T,. TI • and T~,:c are 393. 318. and 1200 K . respectively (see 
rable 6.3). 

10r---~---,----~---r--------------------------~ 
lagc • AGe FeecbJck Amplifier Integration Time 

T tig • S191"10 1 Integration Time 
9 

TREe ' t200K 

B 

O ~O--~~~--~W~--~~~--~lL20----~l5-0----1LOO----21LO----2~4-0 ----2L70--~~ 

TAIKl 

Fig. 6.23 RatiO of lhe radlotnctnc rCM)IUIIOn .1 T(Hal:h) 31> g.1\cn bv (6. 102) 10 Ihe 
radlornelnc rCM>IUIIOn of the balanc(:d DIcke radlomcter. ~ T(Oickc). tL, &Iven by (6.75 ). plolled 
a~ a funcllon of 1A for several value.\ of "U}l'< /TJI~ ' Uoth type.lo of radlOI1H:lcr.lo are as~umc:d to have 
the ..arne bandwidth 8 and slgnnl mlcg.rallon tllnc Tue (or" In (6 75» The vllluc~ used for TI • T~. 

and Tin c arc from Tahle 6.3 -

( 
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6-12 NOISE-ADDING RADIOMETER 

The noise-adding radiometer (Ohm and Snell, 1963; Batelaan et aI., 1974) 
removes the errects of gain variations, but without the use of a Dicke switch. 
Square.wave noise is coupled into the receiver input from a noise diode driven 
by a constan t-rate square-wave generator, as shown in Fig. 6.24. The output 
voltage of the square-law detector is synchronously detected (demodulated) at 
the same rate, and a voltage ratio Y is formed, whose average value is given by 

y= ~V~I,= 
V,- VI 

(6 .103) 

where VI' V, = average square-law detector output voltage correspondi ng to 
the half cycle (of the switching period) during which the noise 
diode is OFF and ON, respectively, 

T;'; = added noise to receiver input during the diode ON half cyele. 

The ratio meter is followed by a low-pass filter to reduce noise Ouctuations. 
For a unity-gain low-pass filter. we have 

(6.104) 

The measurement accuracy of 7;; is IOdependent of system gain variations. 
but it is linked directly to the stability of the receiver noise temperature T;' he 

and to the excess noise tempera ture r;;. 
The theoretical sensitivity of the noise-adding radiometer is given by 

<;Batelaan et al.. 1974) 

_ 2(T~ + T;'£c ) [ (T~+T;',.c )l 
tlT- r;;- 1+ 7".' . 

VBT ".. 
(6 .105) 

The quantity mUltiplying the square bracket is recognized as twice the radio­
metric sensitivi ty of the ideal radiometer. Hence. 

, tlT(nOiSe-adding) = 2tlTlDtAL[ 1+ T;;<]. 
The absence of an input switch IS an altractive feature of the noise-adding 

radiometer, particularly in low-noise receivers. A Dicke switch usually adds 
about 7- 75 K to the receiver noise temperature TRI.C'. In star-tracking and 
astronomical research. the brightness temperature of some targets may be only 
a few kelvins, which necessitates the use of low-noise receivers with noise 
temperatures of the order of a few tens of kelvins in order to achieve 
radiometric sensi tivities of the order of 0.0 1- 0.1 K. For such cases. the absence 
of an input switch becomes a significant factor. 
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6- 13 OTl IER TYPES OF RADIOMETERS 

The radiometric techniques considered in the previous sections are those 
commonly used in microwave remote sensing. Other types of receivers also 
have been reponed in the literature, primarily for use in radio astronomy. 
Among these are the interferometer receiver (Wesseling. 1967; Clark, 1968). the 
correlation receiver (Blum, 1959; Batchelor et al.. 1968), and the Graham 
receiver (Graham. 1958), as well as receiver configurations that are hybrids of 
two or more techniques. 

Most radiometer receivers use wide bandwidths and long integration times 
to achieve good radiometric resolutions. In some cases. however, the informa· 
tion being sought is contained in the spectral and/ or temporal variation of the 
incoming radiation. Measurements of the emission spectra of spectral lines 
often require receiver systems with spectral resolutions of the order of 1- 100 
kHz. Such measurements usually are made using tunable spectrometers, multi-

( channel spectrometers, or autocorrelation spectrometers (Price, 1976). Good 
temporal resolution is essential in observations of solar events. some of which 
are only a few mill iseconds long, and in radio observations of pulsars. The 
emission from a pulsar consists of narrow pulses that occur at a regular 
interval, typically between 0.5 and 1.5 s (Manchester. 1973). The pulse width 
usually is of the order of 5 percent of the pulse repetition period. and the pulse 
substructure sometimes may be as short as 8 I' s (Hankins, 1972). Techniques 
developed for observations of pulsars with high temporal and spectral resolu­
tions are described by Huguenin (1976) . 

6- 14 SUMMARY OF RA DIOMETER P RO PERT IES 

For easy reference, Table 6.4 provides a summary of the input-output relation­
ship and of the radiometric sensitivity for mo t of the receiver configurations 
discussed in the previous sections. The output indication '0" is related linearly 
to the antenna radiometric temperature T~ through 

(6. 106) 

where a and b are constants and' 0" is either V •• , (integrator output voltage). 
V, (control voltage), or f. (pulse-repetition frequency). 

Since, in general, the radiometric sensitivity I!. T is a function of T~, Table 
7.4 considers I!.T for each of two values of 7;;. namely, 7;; = 0 K and 7;; = To. 
where To ( '" 3 10 K) is the environmental temperature of the radiometer front 
end. In both cases, I!.T is normalized to I!.T'DEAL' the sensitivity of the ideal 
total-power radiometer, which is given by (6.53), 

(6 .53) 
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6-15 PRACTICAL CONSIDERA TIO S 

Radiometer performance is measured in terms of measurement accuracy and 
precision, bOlh of which are delermined (in praclice) by Ihe RF ponion of Ihe 
radiomeler. Ahhough some menlion of practical delails was made occasionally 
in Ihe preceding seclions, mOSI syslems and devices were described in lerms of 
Iheir inlended (ideal) funclions, wilh lillie or no descriplion of Iheir opera­
tional characteristics. This section is intended to provide the reader with an 
overview of the faclors Ihal should be considered in Ihe design of microwave 
radiomeler syslem . 

Perhaps Ihe single mosl imponam para meier thai determines the perfor­
mance (and/ or COSI) of a microwave radiometer is ils frequency. Generally 
speaking, Ihe noise performance and slabilily of microwave devices and 
systems decrease with increasing frequency, as does Ihe number of available 
Iypes of devices thai can perform a cenain funclion. For example, in presenl­
day lechnology, a 100 K receiver noise lemperalure is fairly easy 10 acltieve al 
I GHz using an uncooled field-effecHransislor (FET) RF amplifier. AI 30 
GHz, a 500-K receiver noise lemperalure is considered slale-of-Ihe-an (Wilhoul 
cryogenic cooling). and the COSI of such a receiver Iypically is an order of 
magnilude higher Ihan Ihat of the I-GHz receiver. These figures soon will be 
oul of dale, however, because Ihe field of microwave semiconductor and 
solid-slale devices is moving al a Iremendous rate, as illustraled by Ihe example 
shown in Fig. 6.25. In 1968. solid-slale amplifiers were limited 10 frequencies 
below 500 MHz and consisled primarily of bipolar Iransislor amplifiers. Mosl 
microwave receivers used traveling-wave-Iube (TWT) amplifiers. The rapid 
developmem of Ihe FET in the laiC six lies and early seven lies broughl about a 
revolution in microwave amplifiers; solid-slale amplifiers began 10 and have 
continued to replace TWT amplifiers. In addition 10 Ihe FET. several semicon­
ductor devices also were developed in Ihis limeperiod, including the lunnel. 
Gunn, and IMPATT diodes, among olhers. Kennedy (1978), the aUlhor of Fig. 
6.25, projects Ihe sial us of transistor-amplifier performance inlo Ihe year 2000, 
at which lime il is predicled (according to Fig. 6.25) thai a similar performance 
will be allainable al 100 GHz 10 Ihal allained at 0.1 GHz in 1968. 

6-15.1 Dicke Inpul Switch 

The purpose of the input switch is 10 swilch Ihe receiver periodically bel ween 
Ihe anlenna and the reference load at a high enough rale Ihal Ihe syslem-gain 
remains essenlially constanl over a period of one cycle. In other words. in 
order to successfully subtraci OUI syslem-gain varia lions in Ihe synchronous 
demodulation, Ihe switching rale /, should be higher Ihan Ihe highest signifi­
cant frequency in the ystem·gain variation spectrum. As was noted earlier. 
ahhough no delailed sludies have been conducled of Ihe varialion speclrum. its 
upper limil usually is assumed to be around 10 Hz. Anolher constrainl on Ihe 
lower limit of /, is sel by Ihe erfeclive bandwidlh of Ihe low-pass fiher. BI F ' To 
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Fig.6.25 NOise figure or narrow-band tronslstor ampliricrs as a runctlon of rrequency and 
tunc (Kennedy. 1978) 

salisfy Ihe sampling Iheorem, we musl have /, > 2Bu' Imegralion limes T 
( =\I / (2BI-F» used in ground-based radiomeler syslems Iypically are around I 
s. which corresponds 10 B I. F = 0.5 Hz, or /, > I Hz. However, airborne and 
spaceborne imaging syslems often use integralion limes as shon as 30 ms, 
which means Ihal/, > 2Bu = I/ T'" 33 Hz. 

The upper limil of /, usually is governed by Ihe swilching lime T,. •. To 
avoid Ihe effecls of swilching time on Ihe square-wave shape of Ihe radiomeler 
signal. it usually is recommended Ihal 

(6 .107) 

where T, is Ihe switching period. Electronically controlled microwave swilches 
generally are one of IWO Iypes: (I) semiconduclor diode swilches and (2) ferrile 
circulalors (Table 6.S). The mosl commonly used diode swilch is Ihe PIN 
single-pole double-Ihrow (SPOT) swilch. whose swilching-lime is Iypically 
belween 10 and 200 ns. Ferrile circulalors arc slower swilching devices. wilh 
T,. -values in Ihe 1- 1O-l's range. For T,. = 10 I'S. (6. 107) is equivalenl 10 

/, < SOO Hz. Mosl Dicke radiomelers are opera led al swilching frequencies in 
Ihe 10 looo-Hz range. 
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Fig. 6.26 Typical nolSC performance of commercially available parametric Dlllpilricrs. FET 

amplifiers. and mixcr-prcamplirier assemblies Operating bandwidth is typically 10 percenl or 
RF' frequency for / < 20 GI-l1.. and bel","cxn 0.1 and 2 Gllz for 1> 20 GHz.. 

For slale-of-Ihe-.rl reviews, Ihe reader is referred 10 Ihe paper by 
Kennedy (1978), which provides a review of Ihe developmenl of microwave 
scmiconduclOr and solid-slale,devices; 10 Ihe paper by Slener (1978) on FET 
devices; and 10 Ihe papers by Kerr (1975, 1979) on microwave mixers. Mixer 
design and noise performance al frequencies above 100 GHz are discussed by 
Held (1979). 

6-15.3 Noise Sources and Reference Loads 

Basically, Ihere are two Iypes of noise sources available for calibralion and 
balancing and as reference sources: (I) passive sources and (2) aClive sources. 

Passive Noise Sources 

Any device or componenl Ihal delivers noise power al a constant level withoul 
the use of eXlemal (elcclric) power may be defined as a passive noise source. 
The simplesl passive noise source is a malched load. When mainlained al a 
constant physical temperature T", it delivers an average noise power with an 

I 
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equivaleOl noise lemperature equal 10 ils physical lemperalUre. Malched loads 
are used as reference loads and usually are mainlained al lemperalures higher 
Ihan Ihe highesl expccled environmental temperalure of the radiometer by 
enclosing them in a temperature-slabilized oven. To avoid tempera lure mis­
malches, it is sound engineering practice to include Ihe entire (ron I-end o( the 
radiometer in a common temperature enclosure. 

Malched loads also are used for calibration, whereby either the anlenna is 
(physically) replaced by a load, or Ihe radiometer is switched to a load via a 
calibralion swilch placed as close to Ihe antenna as possible. Low noise­

-temperature values are oblained by immersing the load in a low-Iemperalure 
medium such as liquid nitrogen or liquid helium, whose boiling lemperalures 
afe 77.4 and 4.2 K, respectively. 

Active Noise Sources 

Until the lale 1960s, the gas-discharge tube was Ihe mOSI commonly used noise 
generalor al (requencies above I GHz. Today, solid-SialC noise sources, prim­
arily avalanche diodes, are available commercially up to 40 GHz. 

The term commonly used 10 characterize the power delivered by a noise 
source is Ihe excess lIoise rario, ENR, which is defined as 

_ p. - Po _ kB(T", - To) 
ENR--p-- kBT. 

o 0 

T 
= ~ - I 

To 
(6.110) 

where T", is Ihe noise temperature o( Ihe source, and To is ils physical 
temperature. Often, ENR is expressed in dB, 

ENR(dB) = 1010gENR. (6.111 ) 

Siandard avalanche noise sources are available with excess-noise ratios o( 
35 dB at frequencies up 10 12.4 GHz, and wilh lower levels at higher 
f,equencies, typically 23 dB up to 40 GHz. 
\ As was discussed earlier loward Ihe end of Section 6-10.1, active noise 
ources may also be used to provide noise temperatures T", that are lower Ihan 

the ambient lemperalure To. Specifically, the COLDFET has been shown to 
have a noise temperature o( 50 K al 1.4 GHz (Frater and Williams, 1981). 

6-16 RADIOMETER CALIBRATION TECHNIQUES 

Radiomeler calibration may be divided into two steps. The first step involves 
relaling the receiver output indication (voltage, counl, denection, etc.) to the 
noise temperalure at the radiometer inpul. This usually is accomplished by 
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meas~ri ng. lhe output indica tion as a function of the noise temperature TeAL of 
a calibratIo n source connected to the radiometer input (in place o f the 
antenna). T he resullant rela tionship between the output indica tor and T.e 

'd AL provl es the scale fac to rs necessary for rela ting the output to the antenna 
tempera ture T~ (when the radiometer receiver is connected to the antenna). We 
shall refer to this firs t step as receiver caltbralioll . 

The second step involves relating T~ to the radiati ve properties o f the 
scene under observation. 7;; consists of three components: ( I) energy received 
through the antenna mainbeam, which is the quantity of interest; (2) energy 
received from directions o utside the antenna mainbeam (sidelobe contribu­
tions); and (3) thermal energy emitted by the antenna structure itself. To 
evalua te the significance o f the la tter two components and to factor Out 
(partia lly) their influence on T~ , it is necessary to know the radiati ve properties 
o f the antenna wi th a IUgh degree of accuracy. Standard test procedures have 
been defined for the measurement of antenna properties (IEEE, 1979), but for 
one of the properties o f interest, namely the radia tion effi ciency 'II' the 
standard procedures do not provide (in practice) the level of accuracy tha t is 
desired for the application of radiometric corrections. Alternate measurement 
techniques tha t have been developed speci fically for microwave radiometric 
applica tions are discussed in Section 6- 16.3 under the heading "Antenna 
Calibra tion." 

6- 16. 1 Receiver Calibration 

Most radio meter receivers are linear systems in the sense that the output 
indication I . ", is directly proportional to the antenna tempera ture 7;; . With 
reference to (6. 106), 

I . u, = a(T~ +b) , (6 . 106) 

it is sufficient to measure 1. 011 fo r each o f two known values o f T~ to determine 
the constants a and b. For some radiometer configura tions, the constant b is 
given in terms of known constant temperatu re(s); b= - TREF = - To for the 
three Dicke radiometer typ«s given in Table 6.4. and b = ( T2 - T,)/ 2 for the 
H ach radiometer, which uses two reference noise temperalUres. In th is case, 
one ca libration measurement to determine the constant a is surficient. In 
practice, however, it is advisable to calibrate the radiometer at more than one 
value of the input noise tempera ture. and at least one poi nt should be for a 
c libra tion noise tempera ture lower than 100 K. 

Figure 6.27 shows a calibra tion noise source placed at the radiometer 
input. Corresponding to measurements with ca li bration noise temperature 
TtAL and TCAL (where the superscripts " and c stand for hot and cold. 
respectively), the rad iometer output indicator records values of 

1:11 1 =a(Tt,tL +b) , 
I;u, = a(TCAL +b) . 

(6 .11 2a) 

(6 .11 2b) 
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Fig. 6.1.7 Calibration of a rc necllOn·rrce radIometer receiver. 

The above two equatio ns give the solutions 
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(6 .11 3a) 

(6 . ll3b) 

Three types of calibra tion noise sources have been used. The first type consists 
of a matched load (resistor) whose tempera ture may be held a t a constant 
known value. A hot load usually is enclosed in a temperature-controlled oven, 
and a cold load usua lly is immersed in a Dewar nask containing a boiling 
cryogen. Liquid nit rogen (N2 ), whose boiling temperature i 77.4 K at sea-level 
barometric pressure, is used commonly for lhis pu rpose. 

The second type of calibra tion source consists of material with known 
emissivities, such as the highly absorbing, no nrenective materials used in 
anechoic chambers. T hese materials ca n be constructed to have emissivit ies 
close to uni ty, and therefore their brightness temperatures arc approxima tely 
equal to their physical tempera tures. Low brightness-temperature values arc 
obta ined by saturating the absorbing materi a l in a boi ling c ryogen. The 
calibra tion procedure consist basica lly of observing the material with the 
antenna beam and then rela ting its em ission to the noise temperature a t the 
antenna terminals. The process involves the an tenna propert ies, and therefore 
we defer discussi ng the detai ls of the calibra tion procedure unt il the next 
seclion. 

The above two receiver calibration methods usually a re used to calibra te a 
radiometer before and/ or after a measurement program only. If the matched­
load method were to be used for periodic calibra tions during an aircraft 
measurement mission. it would require the avai lability or a cryogen ror the 



404 Radiometer Systems 

duration of the flight, and, in spacecraft operations, refrigeration equipment 
would be needed to maintain the cryogenic nuid at the desired temperature. 
Radiometers employing balanced Dicke or Hach receiver configurations can be 
made sufficient ly stable that calibration against external sources is needed only 
occasionally, thereby avoiding the cryogenic refrigeration problem. For exam­
ple, according to the analysis reported by Blume (1977), the maximum calibra­
tion deviation (between cali brations) that was observed among 26 calibration 
measurements was 1.6 K, and the rms value of the deviation was 0.7 K. The 
calibration measurements were made over a 3.5-year period for a 2.65-GHz. 
pulsed noise-injection Dicke radiometer (Fig. 6.18). 

Satellite-borne radiometer systems use a third type of cold-calibration 
source, namely, outer space. When the antenna (or an auxiliary antenna) is 
pointed at cosmic space, it observes a brightness tempera LUre of 2.7 K. 

A fourth type of calibration noise source may be added to the above list, 
namely, the COLDfET circuit mentioned earlier in Section 6-10.1. 

6-16.2 Effects of Impedance Mismatches 

Throughout the foregoing discussion it was assumed that every Rf component 
and transmission line contained in the radiometer front end was perfectly 
matched to wha tever it was connected 10. In other words, no renectio ns due to 
impedance mismatches existed. In practice, it may be possible to reduce 
renections to small levels through the use of impedance-matching techniques. 
but they cannot always be eliminated altogether. 

The effects of impedance mismatches on the radiometer measurement 
accuracy may be divided into two groups: (I) mismatches at points beyond the 
receiver input (Fig. 6.28) and (2) mismatches between the antenna (or calibra­
tion source) and the receiver input. For a renection-free radiometer. the output 
indication I Ollt is linearly related to the input noise temperature TIN' whjch 
represents the net power deliovered to the receiver due to noise power supplied 
by the antenna (or calibration source) and the line in between. That is, 

(6. 114) 

where a , and b , are constants. Mismatched componen ts give rise to renection 
coefficients that end up modifying the values of a, and b, . As long as the 
magnitudes and phases of these renection coefficients remain constant, and as 
long as the noise temperatures of the components remain constant, the effects 
of mismatches may be factored out in the cali bra lion process. The renection 
coefficients of components are most susceptible to temperature variations. 
Therefore, not only is it important to main tain the environmental temperature 
of the radiometer front end at a constant value, but it is equally important that 
the absolute value of this temperature be the same (as close as possible) during 
the radiometer operating mode and during the calibration mode. That is. if a, 
and b l are maintained constant, l out will be related accurately to TI N' 
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This brings us to the second step. namely, relat ing TIN to the antenna 
temperature T~ or to the noise temperature of the calibration source, TCAL' If 
the voltage rencetion coefficient as seen looking into the antenna, RA , is equal 
to the voltage renection coefficient (in magni tude and phase) as seen looking 
into the calibration load, R c' the problem is an easy one. In this case, the 
calibration constants obtained by calibrating ' . "' against T CAL will be the same 
as the constants in the relation between '0.' and T~ , assuming that the same 
line used to connect the antenna to the radiometer also is used during 
calibration. In the general case, however, RA oF Rc ' which means that the 
relationship' between '0.' and TCA I_ will not be exactly the same as the 
relationship between '0.' and 7:; ; therefore, if the calibration equation is used 
(without corrections) to predict T~ -values, the predicted values may be in error. 
The magnitude of the error varies from values of the order of I K if 
1 Rci < 0.05 and 1 RA 1< 0.05 to much larger values if the magnitudes of Rc and 
RA are larger and very different. 

The effect of impedance mismatches may be accounted for by using the 
following procedure: 

I. Develop a rela tionship between TIN and rc A L (Fig. 6.28) that incorporates 
renections. The method is described below and results in a linear form 

(6 . 11 5a) 
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where 02 and b2 are constants that are given in terms of measurable 
quantities. 

2. Develop a si milar rela tionsh ip between T,,, and T~ : 

(6 . 115b) 

3. Measure ':/l' and l !ul corresponding to two known calibration temperatures 
TEAL and TeAl_, respectively. 

4. Using (6. 11 5a), calculate Ti'" and T!". and employ the form of (6.1 14) to 
determine the constan ts ", and b,. 

5. With 0, and b, known, use (6.114) and (6. 11 5b) to relate T~ to l ou,: 

(6 . 115c) 

Steps (I) and (2), which a re the keys to the above procedure, basically a re the 
same: each involves the development or a relatio nship between the noise 
temperature of a noise generator (an tenna or calibration source) and T'N' 
Figure 6.29 hows a noise generator. with output noise temperature TG , 

connected to the radiometer input via a lossy two-port network S. The network 
S may be a transmission line. a cal ibration switch, or any passive. linear, 
time-i nvariant network. It is characterized by a scattering matrix S given by 

S= [
S" 
S2I 

S,,] 
s" ' 

where the sca ttering coerricients S" and S22 arc related to the renection 
properties o r the netwo rk, and S'2 and S2' are rel ated to its transmission 
properties. Standard technique ror measuring the elements or S a re described 
in Helszaj n ( 1978). The network S is assumed to have a physical tempera ture 
To. and the voltage renection" coerficients as seen looking into the radiometer 
and into the generator are respectively R . and R G. 

The errect or mismatches on receiver calibration has been treated by Wells 
et al. ( 1964), Miller et al. ( 19ti), and Otoshi (1968), among others. Manipula­
tio n of Otoshi's expressions to suit the conriguratio n shown in Fig. 6.29 can be 
shown to lead to the expression below ror the noise tempera ture T,,, or the net 
power delivered to the receiver : 

(6 .116) 

where QnrTTG= net delivered noise temperature from generator. 
am( I - T)To= net delivered noise tempera ture genera ted by lossy netwo rk S 

due to self-emission. 
( l - am)TR = nct delivered noise temperature generated by the receiver and 

then rcncctcd back towards the receiver. 
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TR is the noise temperature generated by the receiver in the direction of the 
generator, and it is not necessarily equal to lhe receiver input noise tempera· 
lUre T;EC' Rather. TR is the noise temperature of the power that would be 
absorbed by a matched load placed at the radiometer input. In practice, TR can 
be either measured (by comparing the receiver output ' •• " when a matched 
load is placed at the radiometer input, with the output when a short circuit is 
placed at the input) or estimated. The quantitie am and T are known as the 
mismatch loss factor and the transmission factor, respectively, and are given by 
the expressions 

where 

S, .S. , R G 
R ,s = Sn+ I - S R . 

" G 

L = _Zo_, ..:...( 1_- ...:...1 S....:.' :,:....1

2
...:...) 

s Zo. IS2.I' . 

(6 .117) 

(6.118) 

(6 . 119) 

(6.120) 

Ls is the loss factor of network S, and Z02 and Zo. are the characteristic 
impedances at ports 2 and I. respectively. Usually. Zo. = Zo, . To compute am 
and T , it is necessary to know the magnitudes and phases of the voltage 
reflection coefficients R Rand R G• and of the scaner ing coefficients of the 
network S . These quantities can be measured by a network analyzer. 

Matched Case 

If Zo. = Zo, and RR = R 2S = RG= O, 

am = l . (6 . 121 ) 

(6 . 122) 

where IS, .I 2 is the power transmission coefficient of the network . That is. Lso 
is the loss factor under matched conditions. while Ls is the loss factor in the 
general case. For this matched case. (6.116) becomes 

7iN (matched) = -f-TG + (1 - -f- )To. 
so so 

(6 . 123) 
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which is the familiar form (given by (6.80)) used for the noise temperature at 
the output of an anenuator whose input is fed by a matched noise generator. 

Transmission ·Line Case 

If the network S is a uni form transmission line of length I. its scanering 
coefficients are given by 

S" = S" = 0. 

S. , = S,. = e - ", 

(6 .124a) 

(6 .124b) 

where 'I = a + Jl3 is the complex propagation facLOr of the line. Using (6.124), 
we obtain 

(6 .125) 

(6.126) 

(6 . 127) 

Error Bounds 

In some cases the magnitudes of R Rand RG are known, but their phase angles 
are nol. It may be desirable LO establish upper and lower bounds for T'N on the 
basis of the magnitude information only. 

The only place where phase angles playa role in the above expressions is 
in the denominator of am' With RR and RG defined by 

we have 

where 

RR~ IR" l e J· · 

R G~ IR G lej·· 

(6 .128a) 

(6 .128b) 

II - RRRGe " ' 12 = 1 +1 R RI ' I RGl'Ls' - 21 R "I I RGI Ls • cos <1>. 

(6.129) 

(6 . 130) 

The fo llowing procedure leads to the determination of the upper a.id lower 
bounds. T,N(max) and TII,,(min). with <I> allowed to take any value in the range 
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0';; 1/> ';; ,, : 

I . Upon substituting (6. 129) inlo (6.126) and then substituting (6. 126) and 
(6.127) inlo (6. 11 6), we obtain an expression for T'N as a function of I/> (as 
the on ly unknown quantity). 

2. The values of I/> for which T,N is maximum o r minimum may then be found 
by differentiating T,N with respect to I/> and equa ting the resuh to zero. 

3. These values o f I/> then are used in the original expression for T'N to 
determine r;N(max) and T,N(min). 

In some cases, the above proced ure is unnecessary because the desired 
va lues of I/> for which r;N is maximum or minimum can be deduced from the 
form of the T'N expression . One such case is when TR, the receiver noise 
temperature radiated towards the generator, is equal to To, the physical 
temperature of the transmission line. With TR = To, (6.116) simplifies to 

(6.131 ) 

Since To usually is smaller than To. T'N = T,N(max) when am = am(min), and 
vice versa for r;N(min). With reference to (6. 129) and (6.126), 

(6 .132a) 

(6.l32b) 

Comparison of (6. 131 ) with the expression for T,N(matched), given by (6.123), 
can be shown to lead to the conclusion 

where the equal signs apply when /R./ = /R o /= O, or when T. = To= To . Let 
us define the mismatch errors 

(6 .133a) 

and 

(6. 133b) 

If r;N is computed using the expression for r;N(matched), thereby ignoring 
mismatch errors, the value thus computed will be in errOr by at least 6

m 
.. and 

by at most 6."'0,(" 

To illustrate the significance of mismatch errors that are associa ted with 
radiometer calibration. let us consider the following examples. 
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Example 1: 

TR = To= 300K, 

/R ./= /R o /= O.I , 

Ls = 1.05 ( = 0.21 dB) . 

Example 2: Same as Example I, ~xceptJ~.!'.!:IIRoll=anO~·2 respectively. Each 
. 6 30 d 6 31 pertaln to ...-...,.. ea , 

FIgures . an . L_~'_ of T. As would be expected, . I f 6 and 6 81 a............. o· 
f,gure shows pots 0 .,1. .,~ larF for Example 2 than for Example I 
the magnitudes of 6 .". a.nd 6 m'ffi ' IL AIIo, for a given To. the difference 
due to the larger reflecl10n coe ICle:! .. _ft'_ 2. 

A d 6 is larger for .....-or'" f 
between U mu x an. mI. . T. consista of OODtributions from three sources 0 

When reflectIons eXIst, IN th 'n_.' (2) the lossy transmission line. and 
. . (I) the generator at e......... 0 

nOIse energy. . ' ((ed in the direction of th.e generator. If Ro = . 
(3) the receIver noIse (T~ne~ute to T,N' In tbeabove examples. T. = To = 300 
the last term would not I to 300 K, the entire system becomes thermally 
K. When To also IS eq~:sensitivc to refleclioDa. This results in T,N(matched) 
balanced, and therefore, lOOK or A =A =0. The mismatch errors are 

- T. (min)= 3 t ",1l1li ,"U 

= T,N(max) - IN the difference To - To, and therefore. they are most 
directly proporuonal to t r noise temperaIUIe To is very different from To. 
important when the ge~~; ~d 6.31. 1bia poiDta out an added advantage of 
as Illustrated 10 FIgs.. . th t :";ect naile iDto the tine connecting the antenna . f' ratIons a~, 
radIOmeter con Igu al'sc the ante\toa temperature to the temperature . (F' 617) to r 
to the receIver Ig. . hi h usually is maiDtaiDecI at the temperature To. Thus. 
of the referen,:" I?ad. ~ c heme reaulta ill improved measurement precision 
use of the nOlse-IOJecuon sc f system pin lluctuations) as well as improved . . . the effects 0 ..... _ T. 
(by ehmlOaung TbeseconclulioDl_OIl the assumption tha t T. = o' 
measurement accuracy. ble assumptloll ..... "1e most radiometers employ 

h· ' rC3S0na In practice, tiS IS a 
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isolators somewhere between the antenna and the receiver. An isolator acts as 
a low-loss attenuator for propagation in one direction and as a high-loss 
attenuator for propagation in the opposi te direction. When placed with its 
low-loss propagation direction lying in the direction of the receiver. an isolator 
attenuates energy emitted by the receiver towards the antenna. Thus. in the 
direction of the antenna, an isolator exhibits a high loss factor, and therefore 
emits energy characterized by a noise temperature equal to the isolator'S 
physical temperature, To. Hence, when an isolator is used, T. = To· 

6-16.3 Antenna Calibration 

In the preceding material, we discussed calibration methods for transforming 
the radiometer output indicator to an antenna temperature ~, where 7:; 
represents the noise power delivered by the an tenna. Now..! we shall discuss a 
second transformation. namely that between T~ and TAiL> the main-lobe 
apparent temperature of the scene observed by the antenna. To that end. use 
will be made of (4.62): 

(4.62) 
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where lJ/= antcnna radiation efficiency 
= 1/ La' where La = antenna loss factor, 

lJM = antenna main-beam efficiency, 
To= physical temperature of the antenna. 

413 

TAn and T,L were defined as the main-lobe and side-lobe contributions, and 
are given by (4.56) and (4.59), respectively. With T~ measured by the radiome­
ter. the objective is the estimate T.IL . In the ideal case of a lossless antenna 
('1/ = I) wi th a radiation pattern consisting of only one main lobe ('1M = I), the 
above expression reduces to 

-r:: = TM /_· 

I n the real case, however, exact determination of TML necessitates that 11/1 11M' 
and T,L be known. Techniques for measuring the antenna parameters '1/ and 
'1M are discussed below, but T,L is not a measurable quantity, nor is it a 
constant, since it depends on the distribution of radiation incident upon the 
an tenna from directions outside the main lobe. As was discussed in Section 
4-6.4. the magnitude of the error associa ted with the estimated value of TMI_ 

due to the lack of knowledge of T,L is a function of 'I" only. Therefore. in 
order to minimize this source of error, whose magnitude is hown in Fig. 4. 11 
for several values of '1M' it is essential that the radiometer antenna be 
characterized by a main-beam efficiency that is as close to unity as possible. 
High main-beam efficiency is achieved by suppressing the side lobes of the 
radiation pattern, which is accomplished by properly tapering the aperture 
distribution, as discussed in Chapter 3. A higher main-beam efficiency. how­
ever, means a wider main beam, or equivalently. a lower aperture efficiency. 
The tradeoff between main-beam efficiency '1M and aperture efficiency 'I. is 
shown in Fig. 6.32. For radiometric remote sensing, this is equivalent to a 
tradeoff between radiometric resolution and angular (or spatial) resolution. 

'1M and 1)/ were defined in Chapter 3 as 

where 

ff P.(8 ,4»dO 

PO< 8,4» = normalized radiation pattern, 
Go= maximum power gain. 
Do= maximum directivity. 

(6.134) 

(6.135) 
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taper (aeter Nash. C' 1964 IEEE). The aperture dlslribuhon IS E,,(.~ .. )= K 1+ K 2 ( I -"fl. where 
'"I 2\"u l l and I is the aperture length 

If the radiation pallern F.(8,</» is accura tely known for all directions (8,</» 
over 4" solid angle. the determination of '1M becomes a straightforward task. 
Similarly, '11 also can be. determined provided Go is known. In practice. Go is 
one of the easiest antenna parameters to measure. The problem with the above 
method is one of accuracy and cost; if the denominator in (6.134) and (6.135) 
is in error by only I percent. it is liable to result in an error of several kelvins in 
the estimated value of T.fI.' and in order to have good accuracy it is necessary 
to measure the complete two-dimensional variation of F.(O, </» with a measure­
ment sensitivity of at least - 60 dB relative to the peak value of F.(8, </». which 
is likely to be a costly operat ion. Alternative, and perhaps more accurate, 
methods developed for measuring '11 are described nexl. Once '11 has been 
determined. '1M can be easily computed from 

'1,, = 4;~o ff F.{O.</»drl. (6. 136) 
mumlolw 
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As was mentioned earlier, Go is an easily measurable quantity. and so is 
1';,( 0, </» over the narrow angular range covered by the mainlobe. In some cases, 
it is difficult to define exactly the extent of the main lobe. and so '1" i quoted 
as the main-beam efficiency for a cerlain angu lar range (such as within two 
half-power beamwidths of the main-beam center) or for a range of F.(O.</» 
relative to the maximum (such as down to the - 20-dB level). 

6-16.4 Cryoload Technique 

The aperture of the antenna shown in Fig. 6.33 is placed directly over a box 
containing microwave-absorbing material. The porous absorbing material is 
saturated with liquid nitrogen as described by Hardy (1973). The absorbing 
material is characterized by a very small renection coefficient (Fig. 6.34) and 
therefore acts like a perfect absorber (emiller) with a brightness temperature 
equal to its physical temperature. 

With the antenna aperlure viewing an essentially constant brightness 
temperature distribution T., (from all directions), the antenna temperature T~ 
measured by a microwave radiomeler is given by 

(6 .137) 

where '11 is the radiation efficiency of the an tenna and To is its physical 
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temperature. Solving for TI,_ we have 

T - 1"' _ 0 A 

'1, - T. - T ' o 8 

417 

(6 .138) 

where in this case T. = 77.36 K. 
The cryoload calibration technique has several attractive features: it is 

accurate. repeatable, and relatively inexpensi ve. According to Hardy et al. 
(1974), who used the cryoload technique to calibrate a 2.65-GHz radiometer. 
absolute accuracy of about ± O.I percent was achieved, and according to 
Blume (1977) the calibration repeatability had an rms value of 0.7 K and an 
average deviation of 0.03 K. A slightly modified version of the above technique 
also was used to calibrate a small-aperture (IO-cm X 10-cm) horn antenna at 
86.1 GHz (Ulich, 1977). 

To date, the use of the cyroload calibration technique has been limited to 
reiatively small antenna apertures (of the order of I m per side). For large 
antennas, the bucket technique has proved useful. 

6-16.5 Bucket Technique 

The antenna shown in Fig. 6.35 is placed inside a large metal bucket whose 
dimensions are sufficiently large that it can be safely assumed that there is no 
mutual coupling between the antenna and the bucket. The indicated dimen­
sions are those of the New Mexico State University antenna calibration bucket, 
which was constructed on a mountain to avoid emissions from the surrounding 
terrain (Carver. 1975). With the antenna main beam pointed in the zenith 
direction. the antenna temperature T~ measured by the radiometer is given by 

.'~ . 
_~I"'~h;...er_m,.tc:s:..;o .... u-,rt~.--,-,_ ....... 

T~.:y 

J-l'<-,---- to.9m-------1 , , 
\ , 

, 4. 7m , 1 ' I 
~~~. 

f--- lm---i 

(6 .139) 

Fig_ 6.35 The bucket method for measuring the radiation crfic\C:ncy of an antenna (a her 

Carver. 1915) 
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'lCTe TA is the antenna temperature for a lossless antenna and is equal to the 
tegrated brightness temperature of the sky (see (4.53)). 

fFSKl (O . .p)F.(O . .p)dU 

fF,(o . .p)dU 

(6.140) 

he surface of the perfectly reflecting metal bucket has an emissivity of zero. 
lenee, the radiation received by the antenna is due entirely to atmospheric 
mission, the major portion of which is received directly from above and the 
!lit of which is received through the side lobes after belOg reflected by 
,e bucket walls. Assuming that TSKY( O,.p) is appror-imately constant over the 
ngular range sub tended by the main lobe and the first few significant side 
)bes, (6.140) reduces to 

TA = TsKY( O=O·). 

J sing values of meteorological parameters provided by a weather station 
ocated nOKt to the bucket, TSKY( O=O·) could be calculated uSlllg the atma­
;pheric-emission formulas given in Chapter 5. With TA computed, and To and 
I~ measured, 'I , is determined from (6.139). 

6-17 IMAGING CONSIDERATIONS 

According to Slater (1980), "the limit of resolution of an optical system is 
reached when, according to a given criterion, the system can Just separate the 
elements of a well-defined test object, such as a double star in astronomy, the 
line of a grating in microscopy, and the bars of a bar target in photography." 
Several standard methods ar .. used for measuring the resolving power of 
optical systems (Slater, 1980). but no equivalent methods or standard targets 
have been adopted for microwave systems. . ' 

The most frequently used definition for the spatial resolullon of a mIcro­
wave radiometer is given in t~rms of the /IIstantollcOllS field of view (IFOY) 
corresponding to the half-power beamwidths. The I FOY ddines. the area ~n 
the ground covered by the antenna main beam. For the confIgura lion shown 10 

Fig. 6.36. the spatial resolutions Ax and Ay are gIven by 

Ax = !).'I , 

Ay= f3,.h. 

(6.14Ia) 

(6 .14Ib) 

where h is the height of the antenna platform, and P., and f3 •. arc the half-power 
beamwidths in the x- and y-directions, respectively. Most mIcrowave radl~met­
ric systems use antennas with circularly symmetric pallerns. i.e., f3, = P,= p. 
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• 
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"~ig . 6.36 The Instantaneous Field or View (IFOV) (or a nadir-pointing anlenna with 
beamwidlhs {J~ and PI ' The antenna platform is al a height h above the ground 

As was discussed in Chapter 3, 
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A 
f3 = k-

I ' 
radians, (6.142) 

where I is the length (and width) of a square aperture or the diameter of a 
circular aperture, and k is a constant for a given antenna configuration. 
Usually k is between 0.88 (for a uniformly illuminated aperture) and about 2 
(for steeply tapered illuminations) (see Tab les 3.1 and 3.2); for calculation 
purposes, a value of k= 1.5 is appropriate for antennas with high main-beam 
efficiency. 

6-17. 1 Scanning Confib'llra!ions 

Radiometric imaging of a scene of interest is accomplished by scanning the 
main beam of the antenna; for a moving platform, scanning in the cross-track 
dimension is sufficient to produce an image. Both mechanical and electronic 
(beam-steering) scanning techniques are used in microwave radiometry. In 
mechanical scanning, the direction of the antenna beam is changed by me­
chanical rOlation or angular movement of the radiating aperture of the antenna 
system. Examples arc shown in Fig. 6.37; they include (a) the simple configura­
tion in which the entire antenna structure is made to scan in angle, (b) a 
second configuration where scanning is achieved by rotating a reflector (mir­
ror) back and forth while maintaining the an lenna in a fixed position. and (c) a 
parabolic torus configuration consisting of a fixed reflector and a spun feed . 

Phased-array antennas are used to steer the direction of the antenna beam 
electronically, without the involvement of mechanical motion in the scanning 
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Fli9htOir~ 

Fhced Parabolic Reflector 

Oscillating PI.tlm·m . 

lei 
i'.g. 6.37 (co",,,,lIed) 

process (see Section 3.20). I f the antenna is to scan in only one direction, it is 
sufficien t to con trol the relative phase in one dimension. as illustrated in Fig. 
6.38. Another advantage over mechanically scanned an tennas is the high· 
scan ning-speed capability of phased arrays. Electronic beam steering has some 
drawbacks, however: phased arrays are more complex . more expensive, heavier 
and lossier than single-antenna structures of comparable size. The highe 
antenna losses of phased arrays are due to the phase shifters that are used t. 
control the phase of each individual feed line. Usually ferrite or PIN diod 
phase shifters are used. 

Among the scanning microwave radiometer systems that have been now 
on the Nimbus atellite series. the 19.35-GHz (Nimbus 5) and 37-GHz (Nimb' 
6) electrically scanning microwave radiometers (ESM Rs) employed phasec 

array antennas. while the Nimbus 6 scanning microwave spectrometer (SCAM: 
and the Nimbus 7 scanning multichannel microwave radiometer (SMMI 
employed mechanically scanned antenna configurations . 

Figure 6.39 Illustrates the two most commonly used viewing configur 

tions. In the first configuration (Fig. 6.39(a)) Ihe anlenna beam scans in 
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(.) 

(b) 

Fig. 6.39 Radiomelnc Imagmg by l.lgzag !.CanRlng: (3) cro~· track M:anmng In the plane 
normal 10 the direction or night; (b) conical scannin&-

plane that is approximately perpendicular to the direction of mOlion. The 
angle of incidence varies between 8 = 00 for the nadir beam and 8 = 8, at the 
edge of the scanline. Also. the shape of the IFOV changes from a circle (for a 
ci rcular antenna pallern) al nadir to an ellipse with its long axis in Ihe 
y-direction . For some antenna scanning configurations. the direction of the 
polarization vector also is a function of the beam position within the scanline. 

The major advantage of the viewing configuration shown in Fig. 6.39(b) is 
that the angle of incidence remains approximately constant as the beam scans 
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in azimuth along a conical surface ahead of the radiometer platform. An 
example of a conical scan system is the 37-GHz ESMR, which scans in 
azimuth '" 35° abou t the forward direction at a constant tilt angle of 45° with 
respect to the direction of motion. With the earth's curvature taken into 
account, the angle of incidence at the earth 's surface varies between 49.6° for 
the beam position corresponding to an azimuth angle of zero and 50.8° at the 
edge of the scan line; in other words. the angle of incidence essentially would 
be constant across the image generated by such a scanning arrangement. 

6-17.2 Radiometer Uncertainly Principle 

We pointed Out in preceding sections that, For a given -integration time T, there 
is a tradeorr between spectral resolution (the predetcction bandwidth B) and 
the radiometric resolution AT. For most radiometer systems. AT may be 
expressed in the general form 

M 
AT=-

{ih ' 
(6 .143) 

where the radiometer figure of merit M is a constant For a given receiver 
configuration . For a stationary radiometer (with respect to the scene). there are 
no fundamental constraints imposed on how long T may be. The situation is 
diFFerent For a moving platform. 

To relate the parameters of a scanning system to T, consider the simple 
case shown in Fig. 6.40. The platForm is at a height h above the ground and is 
moving with a speed u in the x-direction. The radiometer antenna scans 
between +0, ( + y-direction) and - 0, ( - y-direction) in a direction transverse 
to the flight direction. The forward motion of the platform provides a 
line-by-line scanning format. The time it takes to travel through one nadir 
beamwidth in the longitudinal (Forward) direction is given by 

Ax Ph 1 =-=­
I U u ' (6 .144) 

. 
Ignoring the reset time involved in steering the beam From the end of one 
scanline (0 = 0,) to start a new scanline. and assuming that one transverse scan 
is completed per beamwidth of forward motion (i.e., in time I,) , the angular 
scanning rale is 

20, 
w=­

I ' I 
(6.145) 

If we assume further that the antenna beamwidlh remains conStant as the 
beam is made to scan between - 0, and + 0, (which is valid only iF the scanning 
is mechanical or if the effective aperture remains constant). then the time it 
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Fig. 6.40 Geometry of rurborne scanning, microwave radiometer (ahcr McGillcm and Sclm&. 

o 1963 tEEE) 

takes to scan through one beamwidth in the transverse direction is 

P liP 
'Td = -; = 28

s 

(6 .146) 

This time T is called the dwell lime because it is equal to the time that a point 
on the gr,:und is observed by the antenna beam. Using (6.144), Td can be 
expressed in terms of the spatial resolution Ax: 

(6 .147) 

where ° is in radians. 
N~w let us suppose that the radiometer beam crosses over a sh~rp 

boundary (in either direction) between two areas of very diFferent elnlSSIOn 

characteristics. If lhe radiometer integration time T is much smaUer than Td , I.t 

will take the radiometer output approximately Td seconds to make the transi­
tion between the two levels corresponding to the two dissimilar arells. IF. on the 
other hand, T > Td ' it will take the radiometer much longer. than Td seconds to 
register the change due to the sharp boundary. which IS eqUIvalent to havlllg an 
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effective spatial resolution that is much larger than tJ.x . Hence, from the 
standpoint of radiometric resolution it is desirable to have T as long as 
possible, and from the standpoin l of spatial resolulion il is desirable 10 have 
T < Td · The oplimum choice is dependent upon Ihe nalure of Ihe applicalion for 
which Ihe radiomeler is used and on olher syslem paramelers. In Ihe general 
casco however, a compromise solu tion is to et 

(6 .148) 

For T = Td ' inserling (6.147) inlo (6.143) leads 10 

tJ.T.tJ.x- 8 1/ 2 = M(2uO,II )1 / 2. (6 .149) 

The above expression may be termed the radiometer uncertainty equation. It 
Slales Ihat for given radiometer configuralion (i.e., M), nighl paramelers (II 
and u), and angular scan range (20, ), the produci of Ihe radiomelric uncer­
lainly tJ.T, Ihe spalial uncerlainty tJ.x, and Ihe square rOOI of Ihe speclral 
uncertainty (81/2

) is a conSlanl. Similar expressions may be developed for 
morc complex scanning configurations, but the basic idea remains the same, 
namely, thai Ihe Ihree Iypes of resolutions (uncerlainlies) are inlerrelaled. and 
Iherefore improving one of Ihem is likely to degrade one or bOlh of Ihe olher 
IwO (unless Ihe nighl paramelers and/ or Ihe scanning configuralion is changed). 

We close Ihis chapler with an example of a radiomelric image consisling 
of several parallel SlripS mosaicked logelher, as shown in Ihe top pari of Fig. 
6.4 1. Below Ihe radiomelric image is a photograph of Ihe imaged scene. which 
includes agricullural fields, a residenlial area. and several slreels. The images 
were recorded by a 32-GHz imaging radiomeler nying al a heighl of 700 m 
above an area near Oberpfaffenhofen. Federal Republic of Germany. 

PROBLEMS 

6.1. Consider an an tenna connected to a receiver system conslslIng of (1 
transmission line having a loss faclor of 1.5 dB: an RF amplifier wilh a 
noise figure of 7 dB and a gain of 20 dB, followed by a mixer-preamplifier 
wilh a noise figure of 8 dB a nd conversion gain of 6 dB: and finally. an IF 
amplifier wilh a noise figure of 6 dB and gain of 40 dB. The enllre receiver 
is maintained at an environmental temperature of 290 K. 

(a) Find Ihe overall noise figure and effeclive noise temperalure of Ihe 
receiver system. 

(b) Find Ihe overall noise fi gure and effeclive noise lemperalure of Ihe 
receiver system with RF amplifier and lransmi ion line interchanged. 

6.2. The receiver of Problem 6. I(a) is connecled 10 an anlenna wilh a radialion 
efficiency of 0.9. If Ihe calculaled anlenna temperalure of Ihe scene under 
observalion is TA = 100 K. and if the anlenna physicallemperalure is 290 
K. what is the system noise temperature at the antenna terminals? 
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6.3. 

RadIometer Systems 

In a superhelerodyne receiver wilh local oscillalor frequency 11.0 and IF 
bandwidlh B cenlered alllF, the IF OUIPUI speclrum corresponds 10 Iwo 
R F spectral bands cenlered all, and I, where 

B B 
1' ±"2 =ILo-IIF ±"2' 

B B 
I, ±"2 =ILo +IIF ±"2. 

-j B I--1BI-

, , , I 
I, I, 

If an RF amplifier is used (ahead of Ihe mixer) whose passband allows 
only one of Ihe IWO RF bands to reach Ihe mixer inpuI, Ihe syslem is 
referred 10 as a single-sideband receiver. On Ihe other hand, if Ihe mixer 
inpul contains both RF bands (centered all, and I, ), Ihe IF OUlpUI will 
include inpul signals and noise from a lOla I RF bandwidlh of 2 B. This 
laller silualion, which is known as double-sideband receplion, ex iSIs if no 
RF amplifier (or RF filler) is used or if Ihe RF amplifier passband 
eXlends from below I, - B / 2 10 above I, + B / 2, Ihereby amplifying bolh 
RF bands. 

If Fss. is Ihe single-sideband noise figure of a mixer-preamplifier 
assembly, show Ihal for Ihe double-sideband receiver, Ihe double-sideband 
noise figure FDs• of Ihe mixer-preamplifier is given by 

Fos. =i (Fss. + I) 
• 

and Ihal Ihe corresponding equivalenl noise lemperalures are relaled by 

6.4. Verify Ihe result given by (6.60). 
6.5. The pulsed noise-inJeclion radio meIer of Fig. 6.18 drives Ihe PIN diode 

with 40-l's pulses al a pulse repelilion frequency IR. The noise diode has 
an "excess noise ralio" of 23 dB, and Ihe loss faclor of Ihe PIN diode is 2 
dB in Ihe ON slale and 60 dB in Ihe OFF stale. The direclional coupler has 
a 20-dB coupling faclor (F, = 100). and Ihe enlire radiomeler is enclosed 
in II chamber mainlained al 320 K. Whal should Ihe range of I. be in 
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order 10 mainlain Ihe balanced condilion over the range 50 K.::r. .:: 300 
K? 

6.6. A I-GHz balanced Dicke radiomeler wilh a 100-MHz bandwidth is 10 be 
nown on a salellile al an altilude of 600 km and with an average speed of 
7.5 km s - '. The radiomeler uses a IO-m-diameter antenna, and the re­
ceiver is characterized by TREe = 1000 K and TRU = T. = 300 K. The 
radiomeler inlegration time is chosen 10 be equal 10 O. I or the dwell time 
of Ihe antenna beam for a poinl on Ihe ground. If the antenna is rued so 
that its main beam is always poinled in the nadir direction. wbat will AT 
be? 

6.7. Suppose the antenna of Problem 6.6 is made 10 scan between _20· and 
+ 20· relative 10 nadir in the plane orthogonal to the night direction . 
Whal is AT? 

6.8. Verify thaI (6.95) leads 10 (6.96) and (6.97) leads 10 (6.98). 
6.9 Repeallhe compulalions leading 10 Fig. 6.31 for Ls =0.5 dB and IR.I = 

IRd= 0.2. 
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