Chapter g
Radiometer Systemg

Radion?elers are highly sensitive receivers designed to measure thermal electro-
magnetic emission by material media. In Chapter 4, the theory of radiative
transfer was used to relate the electromagnetic properties of the scene observed
by an antenna to the power delivered by the antenna to the receiver, P =kT' B
The antenna temperature 7} incorporates the intensity of radiation incid’::ni
upon lhe 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 7;. However, T represents the average value of a fluctuating noiselike
signal. Hence, strictly speaking, a radiometer provides an estimate of T::
therefore, not only is the radiometer transfer function (relating T to ti:e;
output voltage V,,,) of interest, but so is the precision with which 7" can be
cstlmalcd. The latter, often referred to as the radiometer sensitivity gr radio-
metric resolution AT, is the key quantity characterizing the performance of a
microwave radiometer,

This chapter covers four major topics. The first topic, which is a brief
treatment of the methodology used to characterize the noise properties of
mdivi-dual devices and multidevice receiver systems, provides the background
fc_rr discussing the operation and performance characteristics of the several
dl(ferenl types of radiometers considered in Sections 6-7 to 6-14. Receiver
noise characterization also is relevant to the detection of radar signals (Chapter
§). The third and fourth topics are radiometer calibration techniques and
Imaging considerations.

6-1 EQUIVALENT NOISE TEMPERATURE

According to thermodynamics, electrons in a conductor are always in a state of
random motion and the kinetic energy of an electron is proportional to 7, the
temperature of the conductdr. These random motions of the electrons produce
fluctuations in electric charge, which in turn produce voltage fluctuations. If
Wwe were Lo measure the voltage ¥, across a conductor of resistance R through
an ideal rectangular filter of bandwidth B, we would observe an output similar
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Fig. 6.1 Random variation of noise voltage across a resistor.

to 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, since V, is related to the tempera-
ture of the conductor, the noise thus generated is called thermal noise. As one
might expect, the average, or mean, value of ¥, is zero. Its rms value, however,
is not zero. Nyquist (1928) showed that

V2, =(V(t))=4RkTB, (6.1)
where k is Boltzmann's constant and B, often called the noise bandwidth, is the
bandwidth of the rectangular filter.

The thermal noise power delivered by a noisy resistor at a temperature T
usually is determined by replacing the noisy resistor with an equivalent circuit
consisting of a voltage generator ¥, in series with a noise-free resistance R
and a reactance X as shown in Fig. 6.2. The reactance X accounts for the
self-inductance of the resistor and the capacitance between its ends. The power
transferred from the equivalent voltage generator to a load Z, is maximum
when Z, is matched to the generator impedance Z=R+;X—that is, when
Z, =Z*=R~—jX. Under this condition, the average noise power dissipated in
R, is

P,= V’—f’" =kTB (6.2)
“TT4R i ’

We recognize the above result as being identical to the power delivered by a
lossless antenna placed inside a chamber of constant temperature 7. We may
extend the similarity further by stating that the 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 resistor to a matched load if the temperature of the
resistor is identical to the antenna radiometric temperature T,. This equiva-
lence between the antenna and the resistance provides a convenient tool for

calibrating microwave receivers, as will be discussed later in Section 6-16.1.
Thermal-noise generation is a universal characteristic of matter at temper-
atures above absolute zero, but it is not the only source of random-noise
generation. Other types of noise include quantum noise, shot noise, and flicker
noise. Quantum noise, which arises from the discrete nature of electron energy,
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Fig. 6.2 (a) Noisy resistor connected to a matched load, and (b) its equivalent circuit.

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 approximation holds (Section 4-3.3). Shot noise
arises from the discrete nature of current flow in electronic devices such as
diodes and transistors, and flicker noise arises from surface irregularities in
cathodes and semiconductors.

According to (6.2), the thermal noise power per unit bandwidth 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. 63 Power delivered to a matched load by an antenna with radiometric antenna
temperature Ty is Py =kT;B.
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sources has been extended to define an equivalent output noise temperature® T,
for any noise source, regardless of the mechanism responsible for the generated
noise. If P, ( f) is the output noise power of a nonthermal noise source over a
narrow bandwidth A f centered at f, its equivalent output noise temperature is
defined as

P
T f)= Jim Sl (63)

In practice, however, most systems and devices are configured so that P, ( [ )is
approximately constant over the operating frequency range (of bandwidth B)
so that the output noise may be defined as

P.. =kTy. B, (64)

where T}, represents an effective value of T ( f) over the bandwidth 8. The
above concept of equivalent noise temperature also has been used to define an
equivalent input noise temperature Ty, for two-terminal devices, which facilitates
the quantification of the overall noise performance of a system consisting of
several devices in terms of the Ty,'s of the individual devices, as will be shown
in the next section. Note that (6.4) applies only for a matched load.

6-2 CHARACTERIZATION OF NOISE
6-2.1 Noise Figure

The noise figure F of a linear two-port device (or system) is a measurc of the
degradation in signal-to-noise ratio between the input and output ports of the
device. due to noise addition by the device. For the device shown in Fig. 6.4(a),

- Pi/Pu
= Xt " 6.
’: Pm/Pna. ( 5)

where P, =available input signal power, W,
P,,=available input noise power=kT, B. W,
P,, = available output signal power, W,
P,,=available output noise power, W.

F is defined for a specific 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 T, =290 K. If, over the bandwidth B, the average power gain of

*Conforming to the notation adopted in previous chapters. if the first subscript of T 1s
lowercase, then 7' is a physical (thermometric) temperature. and if it is uppercase, then T
is equivalent radiometric or noise temperature
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Fig. §.4 ‘A noisy devicc_can be replaced by a noise-free device if the input noise is increased
by the noise figure of the device: (a) noisy device; (b) equivalent representation of (a) in terms
of a noise-free device.

the device is G, then

Fie =GP, (6.6)
and

Fhe=GP,+AF,,, (6.7)

where AP, , is the noise power generated by the device. Hence,

p=bPu P _ 1 GKTB+AP,
Po Py G kT, B
— ] + AP’ID ’
' GkT,B" (6.8)

Thet noise figure F is alwdys larger than or equal to 1; for an ideal noise-free
device (AP,,=0), F=1. Occasionally, F is expressed in decibels:

F(dB)=10log F. (6.9)
From (6.8), AP, is given by
AP,,=(F—1)GKT,B, (6.10)
and therefore the output noise power is, from (6.7), given by

P,,=GKT,B+(F—-1)GkT,B
=FGkT,8. (6.11)
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Thus, the 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
Ty +(F= DT, = FT, (Fig. 6.4(b)).

6-2.2 Effective Noise Temperature

For a linear two-port device, the internally generated noise power AP, should
be independent of both the signal and the noise at the device input. But
according to (6.10), AP, is a function of T, the input noise temperature. This
“apparent” dependence on T, follows from the form of the definition of the
noise figure F. A closer look would show that for a given device, (F—1) T 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 T} at
which F is measured. To avoid confusion, the definition of noise figure has
been standardized by choosing T, =290 K (room temperature).

The equivalent input noise temperature Ty, is an alternative concept for
describing the noise performance of a device. Its attractive feature is that it
depends only upon the parameters of the device. T}, is defined on the basis of
the equivalence of the two networks shown in Fig. 6.5. If AP, is the noise
generated by the device with its input connected to a noise-free termination
(fictitious resistor at absolute zero temperature), T, 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 AP, at the output terminals of
the device. Thus,

AP,,=GkTy,B, (6.12)

where G is the power gain of the device. [t is important 1o remember thar*
Ty, 2 Ty is referred to the input terminals of the device. The corresponding
equivalent (or effective) input noise power, denoted Py, 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, + T, and the noise power
available at the output (Figure 6.5(c)) is

P,,=G(P,,+Pg)=Gk(T, +T};)B. (6.13)

The effective input noise temperature 7 can be related to the noise figure
F by equating (6.10) to (6.12). The result is

T.=(F-1)T,. (6.14)
Although both quantities, F and T, describe the same property of a device or

*Most of the material that follows in this chapter is discussed in terms of the equivalent input
noise temperature of devices. Hence, for brevity, the second subscript (7 for input) will be dropped.
but the subscript o will be retained when referring to output noise temperature
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Fig. 6.5 Definition and representation of equivalent input noise temperature T, : (a) noisy
device with input connected to a fictitious resistor at 0-K temperature: (b) equivalent noise-free
device with input connected to a fictitious resistor at temperature 7, (<) device-generated noise
referred to its input terminals,

network, F has been used more commonly for describing the noise perfor-
mance of conventional receivers, whereas T, has been preferred for low-noise
devices and systems.

-

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 B, but with different equivalent input noise temperatures and
available gain (Fig. 6.6). G| and T}, are the available gain and equivalent input
noise temperature of the first subsystem, and G, and T, are similar quantities
for the second subsystem. From the definition of equivalent input noise
temperature, each noisy subsystem can be replaced by a noise-free subsystem
with an input noise source whose available power is P, =k T, B for subsystem
1 and P, =kT,, B for subsystem 2, as shown in Fig. 6.6(b). The total available
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equivalent single-system representation of (b).
noise power at the output of the cascade is

P,,=G\G,P, +G G P + G, Py

Tz (6.1
where T, is the input noise temperature. For the equivalent system shown
Fig. 6.6(c),

P,

no

=6162(Pm+PE)

6.1
= G,G,k(T, +T¢)B. (

where T} is the equivalent input lemperalure.o[ the oyerall system. Co;p%i}r:
(6.15) with (6.16). we see that the equivalent input noise temperature Iy

cascade is given by

T 6.
Th_:TH+'—G%. (
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From (6.14), the overall noise figure of the cascade is

- TE
F=lt ot
., B
=1+ 4+
T, G,
=1+(1~",—|)+F26kI
|
F—1
S it (6.18)

where F, and F; are the noise figures of subsystems 1 and 2, respectively.

The above results may be generalized into a system consisting of N
subsystems,

f T, y i
o= Thit—t el b il BN
E El Gt G1GZ GIG2 = 'GN. , (6'98)
and
. F—1 -1 Fy—1
F=F,+ =2 Sl LS Y. (DI (.
! G| G,Gz G]GZ‘ "GN,,| ¥ (6-19b)

6-4 NOISE CHARACTERIZATION OF AN ATTENUATOR

Consider an attenuator of physical (ambient) temperature T, and loss factor L.
The attenuator is shown in Fig. 6.7 with matched impedances (maintained at

the same temperature T,) on both sides. The loss factor L is the inverse of
power gain G,

o .
Reference
I?ne
Load 1 1 2 ! Load 2
Attenuator t
KT,8 Loss Factor = L Puo | KI,B
T p no | P
£ 1 (Noisy) g T f v T
i
I

p 1

Fig. 6.7 Noisc generated in an attenuator of loss [ and physical wemperature 7,
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where P, and P, are, respectively, the attenuator input and output power. Since
the network is in thermodynamic equilibrium, the flow of power into load 2
(crossing the reference plane from the left) should be equal to the flow of
power from load 2 (crossing the reference plane from the right). The former is
designated P, , and the latter is cquaf to k7, B. Hence,

P,,=kT,B (6.21)
where P, is the available power at terminals 2-2' of the attenuator. P,
consists of the noise power flowing into terminals 11’ (due to load 1) towards
terminals 2-2°, attenuated by the loss factor L as it passes through the

attenuator, plus noise generated internally by the attenuator and denoted
AP,

P",,=%RT;B+AP,,,,. (6.22)
Equating (6.21) to (6.22) gives
AP,,,,:(I——E);(T,B. (6.23)

This internally generated noise power at the attenuator output (terminals 2-2')
is equal to the noise power that would appear at the output of an equivalent
noise-free attenuator with an input noise power P, given by

P.=LAP,,=(L—1)kT,B, (6.24)
which is equivalent to an effective input noise temperature 7. given by

T,_-=(L—I)7;, (6.25a)
T 1
md  Tp=£=(1-7)3. (6.25b)
From (6.14), the noise figure of an attenuator is
1,
F=14+(L—-1)= (6.26)
T,

which reduces to F=L for T, =T,.

The variation of T, with L(dB) (=10log L) is shown in Fig. 6.8 for
T,=T,=290 K. It is noted that the magnitude of L may have a significant
effect on the performance of a system. Consider for example a transmission
line of loss L connecting an antenna to a low-noise receiver with equivalent
input noise temperature Ty ., as shown in Fig. 6.9. The overall noise perfor-
mance of the transmission-line and receiver combination can be characterized
by the effective input noise temperature Ty, at the antenna terminals
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(thereby treating the transmission line and receiver as noise-free). For a
two-stage system, Ty . ¥ given by

-1 T‘!
Thee =T+ Cl%| . (6.27)

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

; Transmission
i Line )

Receiver

Loss Factor = L

I
]
Antenna
]

-

Teec™ LT AT,

Fig. 9.9 ‘T,',u- is th equivalent input noise temperature of an equivalent noise-free
transmission line and receiver combination. T ;. is the receiver input noise temperature, and
T, is the physical temperature of the transmission line,
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line (given by 6.25(a)). Ty = Ty . and G, =1 /L. Hence,
Thee=(L— )T, +LTpxe. (6.28)

If the low-noise receiver is characterized by T, =50 K and if 7, =290 K and
L=0.5 dB. Tpp =915 K. Thus, even a loss factor as low as 0.5 dB can
degrade the noige performance of the overall receiver system by approximately
a factor of 2 (below a receiver connected to the antenna directly). Had the
receiver been of the conventional type, with a typical noise temperature
Tric = 1000 K. the noise added by the transmission line would have been of
minor significance, since in this case Ty, = 1155 K, an increase of only 11.5
percent.

6-5 EQUIVALENT NOISE TEMPERATURE OF A
SUPERHETERODYNE RECEIVER

Consider the single-sideband* superheterodyne receiver shown in Fig. 6.10(a).
The available input noise power P, is the noise delivered by the antenna via a
transmission line, and P, is the noise power available at the output. We wish
to replace the noisy receiver with an equivalent noise-free receiver as shown in
Figure 6.10(b) by referring the internally generated receiver noise to its input
terminals. Specifically, we wish to relate its equivalent input noise temperature
Tric 1o the parameters characterizing its individual subsystems through the
use of the results obtained previously for the cascaded system.

The superheterodyne receiver is characterized by the following parame-
ters:

G g = radio-frequency (RF) amplifier power gain,
Fpp= RF amplifier noise figure,
Ty = RF amplifier equivalent input noise temperature = (Fy, — 17y,
G ;= mixer-preamplifier RF-to-IF power gain,
F,,= mixer-preamplifier noise figure,
T,,= mixer-preamplifier equivalent input noise temperature = (Fy, — DT,
G, ;= intermediate-frequency (1F) amplifier power gain,
F, = IF amplifier noise figure,
T,,= IF amplifier equivalent input noise temperature =(Fy — D75,
7,=290 K.

The noise parameters of the stages following the IF amplifier were not
included in the above list because, as we will see below, the noise performance
of the receiver is governed primarily by the stages at its front end. Applying
(6.19a), we have

Taao=TirF Tu +__I““_+..._ (6.29)

Grr GpreGy

*See Problem 6.3,
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Fig. 6.10 A supcl:hcllcmdync receiver may be represented by noise-free devices if its
.mcrnally generated noise is properly represented by an input noise temperature Trre: (a)
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“or a typical receiver operating at a center frequency of 1.5 GHz, Fy, =23

lB. G =30 dB, = = =
e Gy =23 dB, F,, =75 dB, G, =30 dB, and F,, =12 dB.

Tar=(Fap—1)T,=(1.7-1)290=203 K,
Ty =(Fy—1)T,=(5.62—1)290=1340 K.

T =(Fe—1)T,=(1.32-1)290=92 K,

~here t!ae noise figures have been converted from dB to natural numbers.
Employing the above noise temperatures in (6.29), we have

-

- 1340 92
T p =203+
rec =203+ 1505 + 1000300 *

=203+1.3444.6X10 4+ ...
~204.34 K.

For ?Il practical purposes, the rec-eivcr equivalent input noise temperature is
*qual to the equivalent input noise temperature of the first stage, the RF

implifier, Th|..|s.. wit!l fcgarq to noise performance, the first stage of a receiver
s the most critical, if its gain is much larger than 1.

6-6 Equivalent-System Noise Power at the Antenna Terminals 357

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

Now we shall consider the total-system equivalent input noise power Pg,
referred to the antenna terminals of Fig. 6.11. P, consists of P;, the noise
power delivered by the antenna, and Py ., the equivalent input noise power of
the transmission-line-receiver combination. For an antenna with a radiation
efficiency 0, and physical temperature T, the antenna noise temperature T} is
given by (4.61),

=0T, +(1-n,)7,, (4.61)

where T, 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[n, T +(1-,)T,] B, (6.30)
where B, the bandwidth, usually is the effective bandwidth of the IF amplifier.
The equivalent input noise temperature of the transmission-line- receiver com-

bination (referred to the input terminals of the transmission line) is given by
(6.28). Hence,

Prpc =kTgpcB
=k[(L—1)T, +LTrec] B. (6.31)

Physical Temperature T,

/\ Loss Factor L _
O>r: Racelvr
Transmission Line

(a)

[ e e s S e e =3
| [
[ ) |
| Receiver |
| 1:.- KT +T' B i
| S5 REC |
S | NolseFres _
(b)

Fig. 6.11 Equivalent input system noise power incorporates noise generated by the receiver.
transmission line. antenna self-emission and emission by the scene observed by the antenna: (a)
“Noisy"” antenna of radiation efficiency n, connected to a receiver via a transmission line: (b)
equivalent noise-free configuration with equivalent input system noise power Py
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and therefore,
Poys =P +Phec
=k{n T+ (1—n,)T, +(L—1)T, + LTz} B. (6.32)

Setting Pgyg =kT5yB, where T, is defined as the system inpul noise
temperature, the following expression is obtained from (6.32):

T.‘s‘rs:ﬂfn'*‘(]‘ﬂ;)T;,Jf(L—l)T;, + LT g ge- (6.33)

For a radiometer receiver, Py represents the “signal™ at the input terminals of
an equivalent noise-free receiving system (transmission line and receiver). That
is, the receiver output voltage is proportional to Pg . By comparing the output
voltage due to Pgy¢ with the output voltage due to a matched load (in place of
the antenna) of known physical temperature, a radiometer receiver provides an
estimate of 7,, the antenna temperature of the scene under observation
(provided 7, and n, are known). Details of the technique and the precision
associated with the estimate of 7, are given in future sections.

In the case of a radar receiver, Py represents the effective noise power at
the input to the receiving system, while the input signal is the received power P,
given by the radar equation (Chapter 7). The input signal-to-noise ratio, with
the noise added by the receiving system taken into account, is S, =P, /Pgys.
This ratio is used to establish the transmitter power and antenna parameters
required for a given performance specification. If, through the application of
signal-processing techniques, the signal-to-noise ratio at the receiver output is
better than the input ratio, then the effective input signal-to-noise ratio is S,
multiplied by the improvement factor. Considerations of radar-system design
and performance are given in Volume I1.

6-7 RADIOMETER OPERATION

The function of a radiometer is to measure the antenna radiometric tempera-
ture T, which represents thetradiation power delivered by the antenna to the
receiver. The measurement process is characterized by two important attri-
butes: (1) accuracy and (2) precision.

6-7.1 Measurement Accuracy

Conceptually, the transfer function of the radiometer receiver i1s established by
measuring the output voltage as a function of the noise temperature of a noise
source connected to the receiver input terminals in place of the antenna.
Alternatively, calibration is achieved through the use of a swiltch placed at a
point as close to the antenna as possible. The scheme is shown in Fig. 6.12(a).
Also, if the radiometer employs square-law detection, which most radiometers
do. its output voltage is linearly related to the noise temperature of the input
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CAL
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Fig. 6.12 Calibration of a microwave radiometer: (a) configuration: (b) calibration line.

source. Therefore, it is sufficient to measure the output vollgge cgrregpondlpg
to each of two input noise temperatures 0 establish th'e calibration line (Fig.
6.12(b)). This calibration line then is used for converting the output voltage
measured by the receiver (when connected to the antenna) 1o antenna tempera-
ture values. Assuming that the calibration measurements are r’nade “fnh a hlg‘:;
degree of measurement precision, the absolute accuracy of T, lhen is dictate
by the accuracy with which the absol_ute values of the calibration .r‘nmsc
temperatures are known. I a passive device, such as a matched load (resistor),
is used as a calibration source, its noise temperature accuracy may'be main-
tained within 1 K or better by controlling the temperature of its environment.
In practice, however, other sources of error also contribute to the absolute
measurement accuracy of T}, as discussed in Section 6-16.

6-7.2 Measurement Precision

In radiometric terminology. the radiomelric sensitivity (or radiometric resolu-
tion) AT is defined as the smallest change in T} that can t_)c delecled. by'lhe
radiometer output. A more formal definition, in the statistical sense, is given

below.
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Consider the total-power radiometer system shown in Fig. 6.13(a). The
antenna is connected to a superheterodyne receiver of bandwidth B and totg]
power gain G, followed by a detector and a low-pass 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
IF amplifier translate 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 f, and
[, where

h=fro =11k
L =frot ik

Because the input signal at each RF frequency, f, and f,, 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, one 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 77 is about the same at f|
and f,), the absence of a low-noise RF amplifier usually results in an increase
in receiver noise temperature by a much larger factor (see Fig. 6.26). Further-
more, if the total available frequency band is fixed, the single-sideband receiver
can be designed to use the entire bandwidth, while in the double-sideband
receiver, part of the available bandwidth is not used. This consideration is
particularly pertinent in microwave 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 shdwn later, the radiometric measurement sensitivity
(resolution) improves with increasing bandwidth B. Hence, to take full ad-
vantage of the relatively narrow width of a protected band, single-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; =k7T;B
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
Pp e =kTgpeB, where Ty, is the equivalent input noise temperature of th‘e
transmission-line—receiver combination. The total system input noise power 15

Psys =Py + Prgc

=kTsys B, (6.34)
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vhere

Tsys = T3+ Thge. (6.35)

The IF amplifier (average) output power P, is given by

P‘.F=Gkrgm3‘ (6.36)

‘igure 6.14 il_luslrales the voltage waveforms and corresponding power spectra
t several points between !hf! RF input and the final output. Since the input
‘ower consists of thermal noise, the instantaneous IF voltage is described by 4

jaussian probability distribution with zero mean. and as shown i i
i : : * - n in Sect
-2.3, its envelope is Rayleigh distributed. Thus, "

vV "
o oM <
p(V.)={ o2 =0,

6.37
0, V; =<(, ( )

‘here o is the standard deviation of the Gaussian distribution. The mean value

-
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of V. can be easily shown 1o be given by

V2 =202 (6.38)

Without loss of generality, we assume that the IF power is developed across a
1-ohm resistor, which leads o

P= V=20 (6.39)

The output of the square-law detector, ¥, is related to its input. V,, via
the relation

V,=C,V2, (6.40)

where C, is the square-law detector power-sensitivity constant (volts per watt).
The average value of ¥, is given by

V= Cd"’_,fi =2C,0° =CyPyp
=C,Gk BTy (6.41)
and represents the average value of the input noise power, Py (except for
multiplicative constants).

Using (6.40), the Rayleigh distribution given by (6.37) may be converted
to a distribution for ¥, from

p(V,)dv,=p(V,)av,.
which leads to the exponential distribution

p(V,)=—=e Ye/", (6.42)

| =

whose mean value is given by (6.41). The variance of ¥, is o, and is obtained
through

of = V7 -V} (6.43)
which can be shown to lead 1o
o} =V2, (6.44)

or

=1. (6.45)



364 Radiometer Systemg
In terms of the input power P, ¥, (the dc value of V) represents its avera
value a'nd 0, (the rms value of the ac component) represents the slalisticg;;
uncertainty associated with the measurement of Py (through ¥,). Certain]
such a hig,h level of uncertainty as given by (6.45) is not an acceptable resul)l,'
The solution to this problem is to filter out the high-frequency fluctuations of
lhe detected voltage, which is equivalent to averaging V, over some interva~l of
time 7. This is precisely the function of the low-pass filter (integrator) shown i
Fig. 6.14. ‘ !

The voltage V,,, at the output of the low-pass filter consists of a de
component ¥, and an ac component ¥, :

Veue (£} =V + ¥, (1) (6.46)

Accord'ing to the results of Section 7-2.4, integrating a random signal of
bandwidth B over a time 7 leads to a reduction of its variance (normalized to
the square of its mean value) by the factor N= Br. That is. the ratio ol, /V2
at the low-pass filter output (where g,,, is the standard deviation of o;/’ )oi"sh
related to o/ ¥7 at the filter input by o

Gous _ O
v pi Br (6.47)

Vo VBT .

The dc output voltage V,, is directly related to the average input power Py
(and therefore to the radiometric temperature T ys) through i

Vow :gl..""—/d
=8LrCGkT B
= GgTgys, . (6.49)

whgre 8Lr ig the voltage gain of the low-pass filter, and G., termed the system
gain factor, is an abbreviation for

Gs =g, ,C,GkB. (6.50)

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

My _ 1
Tsys (Bt (6:51)
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where ATy 15 the standard deviation associated with the measured (estimated)
value of Tgyg.

From an observation standpoint, AT,s may be viewed as the minimum
change in Ty, 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-
nent. Recalling that Tgyg =T} + Tg . and that Ty, (the receiver input noise
temperature) is independent of the radiation incident upon the antenna, (6.51)
may be rewritten as

AT= ATy = Tr;—r§ SRl ,

VBt \/E;

where AT is regarded as the minimum detectable change in the radiometric
antenna temperature 7 of the observed scene. The above equation defines the
radiometric sensitivity (or resolution) of an ideal total-power radiometer with
no gain fluctuations. 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 AT, . and (6.52) rewritten in the form

(6.52)

Y (AR
AT ppar= {s_}s (6.53)

In the above derivation, the low-pass filter was characterized as having an
integration time 7. We shall now relate 7 to the filter power transfer function
G )

The effective bandwidth B, , of a low-pass filter is defined as the band-
width of an equivalent ideal filter with a rectangular passband extending from
zero to B, ; hertz and of constant gain equal to the maximum gain G,,,, of the
actual filter. In practice, G,,,, = G, £(0). Thus,

/ PG f)df

Byp=———7— 6.54
LF GL,F(O) ( )

An ideal integrator of integration time 7 relates the output voltage V,, to
the input voltage ¥, through

Feult)= 2!

11—

V,(t')dr'. (6.55)

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

_an= | W7 for 1—r<i'<y,
h(r—t) [0 otherwise, {6:56)
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then (6.55) may be rewrilten as

Vol )= [

o

h(r—0 )WV, (1) di’, (6.57)

which we recognize as a convolution integral. Since convolution in the time
domain corresponds to multiplication in the frequency domain, the power-

frequency transfer function of an ideal integrator is the square of the magni-
tude of the Fourier transform of h(7—¢'): )

G (f)=|F{h(r=1)}]* (6.58)

The Fourier transform of a rectangular function is a sinc function, thereby
leading to the result

sin®(7f7)

Gl(f): (wf'r)z .

(6.59)

The equivalent bandwidth B, , of an ideal integrator may now be obtained by
inserting (6.59) into (6.54) and performing the integration. The result is

1

BL"': 5:’:. - (6.60)

The above result now may be used to define the equivalent ideal integration
time of any low-pass filter as

_ Guel0)
2[ "G (1) df

It is interesting to note that an ideal integrator is not the same as an ideal
low-pass filter; an ideal integrator is described by a rectangular function in the
time domain, while an ideal filter is characterized by a rectangular passband in
the frequency domain. In terms of smoothing (filtering) out ac fluctuations,
however, the two are equivalent if the integration time of the ideal integrator is
equal to the reciprocal of twice the bandwidth of the ideal filter.

One of the main objectives of this section has been to derive the radiome-
ter sensitivity equation given by (6.53). The treatment was based on Gaussian
noise statistics and essentially consisted of tracking the de and ac components
of the noise voltage from the IF amplifier output to the low-pass filter output.
An alternate, equivalent approach would be to perform the tracking in the
frequency domain. as shown by Tiuri (1964) and by Evans and McLeish
(1977). Tiuri's derivation conveniently leads to the following definition for the

(6.61)
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equivalent predetection bandwidth B of a nonrectangular power-transfer func-
tion G(f):

N |[7ota]

Ey X (6.62)
fo G*(f)df

Figure 6.14 shows the power spectra at different stages in ll-re radiometer
receiver, adapted in part from Tiuri (1964), to whom the reader is referred for
details.

6-8 EFFECTS OF RECEIVER GAIN VARIATIONS

As we stated earlier, the expression for AT given by (6.52) accounls _only for
the measurement uncertainty due to noise fluctuations and does not incorpo-
rate receiver gain fluctuations. For convenience, (6.52) is repeated below in the
form

AT, = Tsvs (6.63a)

T

where the subscript N denotes noise-caused uncertainty. ‘

The output voltage of the total-power radiometer is directly propor}nonal
to several system factors (see (6.49)) that were assumed to be congﬂanl in the
derivation leading to (6.52). In practice, this is a fair assumption fo‘r the
postdetection stages, but may not be valid for the predclccu‘on power gain G.
Gain variations in the predetection section arise primarily from the RF
amplifier and secondarily from the mixer and 1F amplifier. . _

Since V,,, is linearly related to the product QST},-,-_.;. an increase in G by
AG will be misinterpreted by the output as an increase in Tsys by ATy =
Tyys(AGg /Gg). Long-term (slow) variations of Gy, w:lt} per!ods of the qrder of
minutes, may be factored out approximately by calibrating the Tadsomc?lcr
output voltage against known input noise sources as frequently as is practica-
ble. However, calibration does not eliminate short-term (fast) gain vanations
that occur over intervals smaller than the period between success‘ivg calibra-
tions. Statistically, the rms uncertainty in T; due to system gain variations may
be defined as

AG,
b= 25), @am)

where Gy is the average system power gain and AGy is the effective value (rms)
of the detected power gain variation (ac component).
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Since the noise uncertainty AT, and the gain uncertainty AT, are caused
by unrelated mechanisms, they may be considered statistically independent, in
which case the total rms uncertainty is given by

AT=[(aTy )+ (AT, )]

5+ (%2)]” (o69

The above expression 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
measurement uncertainty, let us consider the following example. A total-power
radiometer operating at a center frequency of 1.4 GHz is characterized by the
following parameters: T}, =600 K, B= 100 MHz, 7=0.01 s, and AG/ Gy =
10 2. For an antenna temperature 77 in the neighborhood of 300 K, the above
values lead to the following conclusions:

=Tsys

AT, =0.9K,
AT, =9K,
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 1 K, the product
Tsys(AGg /Gy ) has to be reduced by a factor of 20, Since Tsys=Trpc + T, the
smallest possible value it can have is Tsys =T, which corresponds 1o an ideal
noise-free receiver. T; may vary between a few kelvins and 330 K for natural
(terrestrial) scenes. Hence, even with a noise-free receiver, the desired resolu-
tion of 1 K cannot be achieved without improving the gain variation factor
(AGg /Gg). Typically, the gain variation factor for low-noise microwave ampli-
fiers is between 10 7% and 10 % therefore they would not be readily suitable
for use in total-power radiometers. Gain variations may be reduced by an
order of magnitude or better by controlling the sources that cause these
variations, namely, power-supply voltages and environmental temperature
variations. This may provide an acceptable solution for a total-power radiome-
ter operating in the centimeter wavelength range, but at millimeter wavelengths
it is difficult to construct highly stable receivers with AGs /Gy =10 4,

One possible solution to the gain variations problem is to use a receiver
with no RF amplifier. In this case, the receiver noise temperature Ty, may be
as large as 3000 K or more, but without the RF amplifier, values of AG; /Gy as
low as 10 * 10 10 * are achievable (Hersman and Poe, 1981), and therefore

the product T,¢(AGg /G) may be reduced to about 0.1 K. Other approaches
are discussed in the following sections.
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6-9 DICKE RADIOMETER

Although a limited number of studies have been condgcted to evaluate the
nature of system-gain fluctuations (Steinberg, 1952; Colvin, 1961; Yaroshenko,
1964; Hersman and Poe, 1981), it is generally observed that: .(l) l_he po‘v-ver
spectral density of Gg (fluctuation spectrum) dccrca.ses with increasing
frequency as 1/f or faster, (2) the bu_[k of the ﬂuclna.l:on spectrum lies at
frequencies below | Hz, and (3) practically no fluctuauops with (requf:ncms
above | kHz exist. Through the example cited in _lhc previous section, it was
concluded that gain variations are often the limiting factor to actgncwng. hfgh
radiometric resolutions (small values of AT). In 1946, the gam-vanau_on
problem was alleviated by Dicke (1946) lhroug:,h ll"le use pf modulation
techniques for reducing the effects of gain ﬂuclua_lmns in a ‘radu:.:meter. .

A block diagram of the Dicke radiomctcr}? shown in Fig. 6.15. !l is
basically a total-power radiometer with two additional features: (l)_a .w.ulch,
which has become known as a “Dicke” switch, connected at the receiver input
(at a point as close to the antenna as possible) and used to madularehthc
receiver input signal, and (2) a synchronous demodulator (also called synchro-
nous detector) placed in between the squarc-l'aw detector and lt_le_ Iow-Pass
filter (integrator). The predetection section consists of tl_\c RF ampllflf:r. mme:i
and IF amplifier and is characterized by a predetection power gain G an
band'[v'fl'llglhmidulalion consists of periodically switching the Teceiver input
between the antenna and a constant (reference) noise source (Figure 6. lS) ata
switching rate higher than the highest significant speictral component in the
gain variation spectrum. That is, the switching rate f is chosen so that over a
period of one switching cycle (typically between 1 and 20 ms) the system gain
Gy essentially is constant, and therefore identical for the half-cyc‘le duqng
which the receiver is connected to the antenna and the half-cycle during wl}lch
the receiver is connected to the reference source. For square-wave rpodulalmn.
the detected dc outputs corresponding to the antenna and comparison-source
powers are, respectively,

Vyunr =C4GkB(T; + Thee)  for 0<t<t/2, (6.65a)
Virer =CaGkB(Tapr +Tope)  for 7,/2<1<1, (6.430)

where Ty p is the reference-source noise temperature and 7, (=1 /L‘) !s ‘tihc
period of one switching cycle. The receiver noise temperature Tk e includes
noise contributions from the input switch, which typically are between 7 and
ction 6-15.1). _ .
75, KSEJSp:rimposed on the dc voltages are ac components due lo noise and gm:
fluctuations. The synchronous demodulator (Figure 6.|§) consists of a swilc
/that operates in synchronism with the input Dif:ke swncﬁ. followed by two
_unity-gain amplifiers (in parallel), with opposite polarity, one to receive
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- Vaanr(1) and the other to receive ¥, . .(1). The unity-gain amplifier outputs
are then summed and fed into the low-pass filter (integrator). Accordingly, the
dc output of the synchronous demodulator is

Voin = %('744,\-'7" FJRI:'F)

- %CJGk B(T,; "TREF)- (6.66)

Viyn dt

With an integration time 7, the output of the low-pass filter is effectively equal

between T, and Ty, and is independent of the receiver noise temperature
Trec

Next, we shall derive an expression for the radiometric resolution AT of
the Dicke radiometer. We start by rewriting (6.68) in the following form:

Input Switch

I
! <
; = " ,
' = Br T/
| Vo= 22| [ aar = [ Vi)l (6:67)
] T
(R (N —— 5
o Fregd ; : : :
s E[_ g-l ‘EE o With most of the ac fluctuations removed by the integration, the output
S G| (31 . voltage consists of a dc component, V, . and a relatively very small ac
& g ' pre g ; L <
2o il 5 z | &= 3 component with rms value o_,,. From (6.66), V, , is given by
v ! | T = o I |
i g&on = ] -
El ';_5;5 ?_-I Vour = 180 pCaGkB(Ty — Trpr )
E: 25‘53 g: =3Gs( Ty — T )- (6.68)
1 @ .
] a E
L il § I g In addition to filtering out most of the fluctuating component of ¥, (r). the
£2 <{| g | =§ low-pass filter also filters out the ac components at f, and its higher harmonics
ad | 2 £ | = (due to the square-wave modulation). That is, the switching rate f, must be
il 3‘; | g much larger than the low-pass filter bandwidth B, ... The relationship between
E I 3 2 | - f, and B, ; also may be considered from the viewpoint of the sampling theorem.
H 25 % B, ; represents the range of frequencies of the fluctuating component of the
i[_ L _.5 é § input signal that is retained in the output voltage. and [ represents the
! g frequency at which the input signal is sampled. To satisfy the sampling
i % theorem, f, =28, .
e 5 According to (6.68), the dc output voltage is proportional to the difference
g
e
L
e
b
—

Vou = 3G (T4 + Tic) = (Tair + T )] (6.69)
The ac component of ¥, (r) consists of three contributions:

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

/ AT, = (Ty — Tepr N AGs /Gy ). (6.70)

/

2. Noise variations of T + T z-, Which upon integration for a period 7,2
(antenna is observed during only half of the integration time 7) lead to a
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noise uncertainty (see (6.63a))

AT, vy = Tt Thee _ V2 (Tit Tipe)

ANT = W Br (6.71)

- Noise variations of (Ty zf + Ty z-), which, similarly, lead to

2 (Trer + Tizc)
\[l_?: . (6.72)

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

ATyrer=

AT=[(ATG) + (ATy o ) + (AT s Y] 72, (6.73)

vhich reduces to

ar=| 2T Taee '+ A Taer + Tape)' [ AGg V2, 2|
B + G (T3~ Tewr )| -

(6.74)

“or reasons that will become obvious later, the above expression will be
eferred to as the radiometric resolution (sensitivity) of the unbalanced Dicke
‘adiometer. Examples of satellite Dicke radiometers operating in the unbal-
nced mode are the 19.35-GHz Nimbus 5 and the 37-GHz Nimbus 6 electri-
:ally scanning microwave radiometer (ESMR) systems; parameters of the
Nimbus 5 ESMR are summarized in Table 6.1.

Before we proceed further, let us compare AT of the unbalanced Dicke
‘adiometer with that of the total-power radiometer considered earlier. For
B|= 100 MHz, 7=1's, T}z =700 K, and AG /G5 =10 2, Eq. (6.64) gives the
values

.

7K for T;=0K,

AT(Total Power)‘z{ 0K for To=300K
A — .

[f we choose the reference noise temperature T}, =300 K, (6.74) gives

3K for T;=0K,

AT(unbalanced Dicke) =~
( ) {0.2!( for T;=300K.

Dvera_ll. the radiometric resolution of the unbalanced Dicke radiometer is
iuperior 1o that of _l!:e total-power radiometer. Of particular significance,
1owever, is the condition 7} =Ty, because when this condition is met, the
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TABLE 6.1
Nimbus 5 Electrically Scanning Microwave Radiometer
(ESMR) Flight Model Parameters®
Antenna:
Antenna type Phased array
Aperture size 83.3 cm % 85.5 cm
Half-power beamwidth 1.4° % 1.4° (at nadir)
Beam efficiency 90-92.7%
Beam scan angle +50°
Antenna loss 1.7dB
Polanzation Horizontal
Radiometer:
Center frequency 19.35 GHz
Predetection bandwidth 200 MHz
Mixer noise figure 6.5dB
ATV 15K
Absolute accuracy 2K
Dynamic range 50-330 K
Calibration
(a) Reference load IR K
(b) Ambient load Local ambient
(c) Sky horn antenna K

“From Nimbus 5 User's Guide (NASA. 1972).
YFor 47-ms integration time

second term inside the square brackets of (6.74) goes to zero, thereby eliminat-
ing the effects of gain variations altogether. When T = Ty 4, the radiometer is
said to be balanced, in which case (6.74) reduces to

s 2Tt i)

VBT
=2A8T pear (6.75)

(balanced Dicke radiometer)

or twice the theoretical sensitivity of an ideal total-power radiometer (free of
gain variations). The factor of 2 comes about from the fact that 7} is observed
for only halfl the time.

Techniques used for continuously maintaining the Dicke radiometer in a
balanced state are discussed in the next section.

Sometimes, practical considerations dictate that the square wave at the
output of the square-law detector be amplified prior to feeding it into the
synchronous demodulator. A video amplifier is used for this purpose. To
preserve the square-wave shape of the detected signal, the video amplifier must
be capable of providing equal amplification to all of the major harmonics of
the square/wave signal, which means that the bandpass of the video amplifier

- should extend from below /, to at least 5f, and preferably to as high as 10/,. A

square wave consists of only odd harmonics, with the amplitude of the first
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harmonic equal to 4/7 times the amplitude of the square wave, and the
amplitude of the nth harmonic equal to 1 /n 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 f,. but whose bandwidth exceeds the bandwidth of the
low-pass filter, B, . With only the first harmonic of the square wave reaching
the synchronous demodulator, the dc output of the synchronous demodulator
is smaller than when the full square wave is used. which leads to a reduction in
radiometric sensitivity (larger AT) by a factor of (my2 /4)= .11, or approxi-
mately 11 percent (Tiuri, 1964). The simplification in system design and
specification brought about by the sinusoidal 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 other modulation and demodulation waveforms have been considered
also (Colvin, 1961; McGillem and Seling, 1963) but in terms of the radiometric

sensitivity AT, using square-wave modulation and demodulation gives the best
results.

6-10 BALANCING TECHNIQUES

A Dicke radiometer is said to be balanced if 4
VJANT_ VJREF:O- (6.76)

where ¥, ;v is the de component of the detected voltage during the half cycle
that the receiver input switch is connected to the antenna, and a similar

definition applies 10 ¥, 5. In the balanced condition, ¥, , =0 and conse-
quently ¥, =0. With reference to (6.65), the balanced condition may be
realized by either: (1) adjusting Ty, to equal T, (or vice versa) prior to the
input switch, or (2) controlling the predetection gain of V, .\, and V. p
separately, in such a manner that the two voltages are made equal. Some
examples of feedback configurations, proposed to realize automatically bal-
anced operations in a Dicke radiometer, are discussed next.

6-10.1 Reference-Channel Control Method

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 of Ty, so that it continuously balances the antenna
temperature 7). This is realized by feeding the integrator output into a control
circuit that applies the necessary voltage (or current) to an electronically
controlled variable attenuator to maintain a null at the integrator output. In
this case. the control voltage V, becomes the output vollage o be recorded.

6-10 Balancing Techniques
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since it is related o Ty ., which, in the balanced condition, is equal to 75, The
radiometer is calibrated by measuring V. as a function of the noise temperature
Tear. of a calibration noise source put in place of the antenna (or through the
use of a calibration switch as shown in Fig. 6.12). In general, the calibration
curve may be nonlinear, thereby necessitating that V. be measured over a wide
range of values of T, .

Returning to Fig. 6.16, the reference noise temperature Ty ¢ 15 in part due
to the noise generated by the noise source and in part due to self-emission by
the attenuator,

7
Tnsrz‘f‘Jf("%)% (6.77)

where T, is the noise temperature of the source, L is the loss factor of the
attenuator, and 7; is its physical temperature. As a function of L. the limiting
values of Ty, are Ty, r =T, for L=1 (no attenuation) and Ty, =T, for L
very large. Conceptually, 7,, and 7, can be specified so that the range between
them covers the range of values over which T is expected to vary. In practice,
however, this specification cannot be realized with passive noise sources unless
cryogenic cooling is used (the use of active “cold” sources is discussed below).
To illustrate with an example, consider a radiometer system specified to
operate over the range 50 K<7;=300 K. The upper limit of 7 can be
accommodated easily by maintaining the environmental temperature of the
front end of the radiometer, including the attenuator, at T;, =300 K, which for
L very large, gives Ty .. = T; =300 K. To accommodate the lower limit of Ty,
T, has to be assigned a value of 50 K (or lower). If a matched load is used as
the noise source, it has to be physically cooled to the desired noise tempera-
ture. Moreover, for real, variable attenuators, the loss factor I. cannot be
reduced all the way to unity, and therefore the temperature of the matched
load has to be lower than 50 K in order to compensate for the noise power
generated by the attenuator.” Cryogenic techniques sometimes are used in
ground-based radiometer systems to reduce the receiver noise temperature and
certainly may be used to cool the matched load of the radiometer system under
discussion. However, in airbome and spaceborne operations, cryogenic cooling
usually is avoided because of the large amounts of power required to maintain
the cryogenic fluids at the desired temperature.

Traditionally, active noise sources have been used to provide noise tem-
peratures in excess of their ambient temperatures, thereby relying on cryogeni-
cally-cooled matched loads for low noise-temperature sources. Recent
advances in FET technology, however, have led to the development of an
active circuit that behaves like a noise source with an output noise temperature
that is much smaller than its ambient temperature; Frater and Williams (1981)
have developed the theory for such a “cold” FET device, which they call a
COLDFET, and have demonstrated that a noise lemperature as low as 50 K
can be achieved at 1.4 GHz. Future developments will undoubtedly extend the
use of the COLDFET 1o higher microwave frequencies.
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If, instead of controlling the input noise temperature of the refercngc
channel to equal the noise temperature of the antenna (_:hannel. the reverse is
done, the cryogenic refrigeration problem associated with the use of passive
devices can be alleviated. This approach is discussed next.

6-10.2 Antenna-Channel Noise-Injection Method

The configuration shown in Fig. 6.17 was proposed by Gogglqs (1967) to
achieve null balancing through the use of noise injection into the Ime.conne:ct-
ing the antenna to the input switch. The front end of the radiometer— including
the reference load, the variable attenuator, and the directional coupler (as well
as other RF devices)—is enclosed in a constant-temperature chamber at a
temperature T; slightly higher than the highest specified value.for ¥ i gfor
reasons that will become obvious later). In other words, when the input switch
is connected to terminal 2 (Fig. 6.17), the input noise temperature is TR er=T
=constant. To balance the reference load, a sufficient amount of noise power
is injected into the antenna port through a directional coupler so thaf the input
noise temperature 7} appearing at the input switch (terminal 1 in Fig. 6.17) is
equal to Ty p,

T =Tagr =T (6.78)

The amount of injected power is controlled by the variable attenuator, which
itself is controlled by a feedback network. The noise temperature 77 is related
to the antenna noise temperature 7 through

i
T:'—’-(l'"":._)r,;"‘_ﬁ-&- (6.79)

where F_ (= 1) is the coupling factor of the directional couPIer. Ty 1s the nois:e
temperature of the injected noise at the input to the directional coupler and is

given by
£ 3 I 6.80
TN=—E”-+(I—I)T0. (6.80)
Combining the above three expressions leads to

= T—di 6.81)
L= %-T)" (

The radiometer output indicator is the attenuator control vollagc V. It lf, is
scaled and linearized so that ¥_=1/L, then (6.81) becomes a linear._relation-

ship between ¥, and T:
!

= - (6.82)
Vr-TN_Tn(T-O 7;)'
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Suppose that the radiometer is specified to operate over the range 50 K= T <
300 K. Let us choose T, =310 K, and let us use a 20-dB directional coupler
(£, =100) and an avalanche noise diode having an output power noise temper-
ature T, of 50,000 K. From (6.81), L has to vary between 1.9 (=2.9 dB) and 50
(=17 dB) to cover the specified temperature range. This dynamic range of
14.1 dB can easily be accommodated by a PIN diode attenuator, which is a
current-driven device capable of more than 40 dB in linear dynamic range. The
minimum loss factor (usually called insertion loss) of a PIN diode typically is
about 2 dB. Thus, the values chosen for T, F,, and T result in a range of
values for L that is compatible with the capabilities of a PIN diode. Had we
chosen T to be exactly equal to Tj(max)=300 K rather than 310 K, L would
have had to have been infinite to produce null balancing.

Since the noise temperature seen by the input switch is always equal to T,
the sensitivity is given by (6.75) with T; =T,

!‘ Vout
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Diode attenuators are most stable in their extreme oN and OFF states. When
operated in only one or the other of these two states (by controlling the
magnitude and polarity of the bias voltage), a PIN diode attenuator becomes
an ON/OFF switch; in the ON_position it causes minimum attenuation (=20
dB), and in the OFF position it causes maximum attenuation (typically 60 dB).
Use is made of this diode property in the configuration shown in Fig. 6.18
(Hardy et al., 1974), which basically is the same as that shown in Fig. 6.17
except that now the injected noise is generated in the form of narrow
rectangular pulses rather than continuously. The feedback control circuit
drives a voltage-controlled oscillator (VCO), which in turn drives a pulse
generator. The output of the pulse generator consists of narrow rectangular
pulses, each of length 7,, with a repetition period 74 =1/f, where fp is the
pulse repetition frequency (Fig. 6.19). When the diode switch is in the OFf
position (no pulse), we have maximum attenuation which, in effect, masks the
noise generated by the noise diode. The resultant value of T}, is designated
T5pr» and when the PIN diode is switched by a pulse to its ON position, we
have minimum attenuation, or a large value of T which we shall designate
T;,x- Thus, over a repetition period 7,
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Fig. 6.17 Balanced Dicke radiometer using feedback to control the level of the i
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The pulse repetition frequency f, should be much higher than f, the square-
wave modulation frequency of the input switch, so that many pulses are
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Fig. 6.19 Timing diagram showing the ON and OFF states of the noise temperature Ty that
is injected through the directional coupler of Fig. 6.18.

generated during the period 7, /2. The average value of T} is

Toe =1, faTon + (1 =7, Ja ) Tors . (6.85)
where 7, fz is the total time, during one second, that the diode switch is ON.

If 7, is kept constant, fx can be controlled by the feedback loop to provide
the necessary value of T} 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:'TO_ 6!-’F)_(Fc . 1)7;
- = 6.86
" Tp(TBN—T?JFF) ( )

through the use of (6.78), (6.79), and (6.85). 1f during its OFF position, the
attenuator loss factor is high enough to reduce the noise-diode contribution to

a negligible value, then T3 becomes approximately equal to 7, and (6.86)
reduces to

(R, -T)
T T (6.87)

Since T;, is known, it is sufficient to measure fx at one value of a known noise
temperature of a calibration source in order to determine the value of the
quantity multiplying 7, — T in (6.87). The radiometric sensitivity of this type
of radiometer is given by (6.83).

The parameters of a 2.65-GHz 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 al., 1974).
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TABLE 6.2

2.65-GHz Satellite Prototype Ocean-Temperature Sensing Radiometer
Using Pulsed Noise-Injection Scheme®

Antenna:
Antenna type Multimode Pyramidal horn
Aperture size 35.6 em X 35.6 cm
Beam efficiency 98%
Polarization Circular
Radiometer:
Center Frequency 265 GHz
Predetection bandwidth 100 MHz
Receiver noise temperature 60 K
Switching frequency 50 Hz
Diode excess noise 36 dB
Pulse width 40 us
Pulse-generator frequency range 0-12 kHz
AT, for l-s integration time 0.15K

*From Hardy et al. (1974).

6-10.4 Gain-Modulation Method

The balanced condition was realized in the methods considered thus far 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 modulating the gain of the IF output voltage prior
to the square-law detector. In the configuration shown in Fig. 6.20 (Orhaug
and Waltman, 1962), the modulation consists of switching the IF output
between a constant attenuator and a variable attenuator for the alternate half
cycles of the input switch. The attenuator switch is driven by the switch-driver
in synchronism with the input switch. The function of the feedback loop is to
control the variable attenuator”so that its output voltage (corresponding to the
reference channel) is equal to the output voltage of the fixed attenuator
(corresponding to the antenna channel). That is, if the loss factor of the
variable attenuator, L, is adjusted to maintain the condition

I v '’ — | "
‘[_—H(TA+TRE(')“ T(Tnsr‘*Tna'(-)' (6.88)

v

then the dc value of the output voltage will be zero. The system is calibrated by
relating the control voltage V, to the noise temperature of a calibration noise
source replacing the antenna. If the voltage V, is scaled and linearized so that
V.=1/L,, then V_becomes linearly related to T;:

1
V.= e (T T ) (6.89)
LU( THI;'F + TREF) * Ll )
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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 Ty ;- (between calibrations) result in a measure-
ment error of the absolute value of T;. This is due to the dependence of ¥, on
Ty gc. In contrast, the techniques employing temperature control to balance the
radiometer are insensitive to drifts in 7} ... Another limitation of the gain-
modulation technique pertains to the amplitude of the gain modulation,
L, /L,. If this factor is large, the gain modulation is liable to produce excessive
output fluctuations. Thus, for low-noise receivers (relatively small T, ), the
gain-modulation method is useful over a narrow range of the difference
Tree — T

6-11 AUTOMATIC-GAIN-CONTROL (AGC) TECHNIQUES

Automatic gain control (AGC) is a feedback technique used for stabilizing 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 variations,
including those due to the signal (77) that the radiometer is intended to
measure. To eliminate the dependence of the AGC voltage on the antenna
temperature, Seling (1964) introduced the sampled-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 thg 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) ip that slow variations in the receiver noise
temperature (between calibrations) are compensated for as if they were gain
variations, thereby introducing a bias error in the measurement accuracy of T}.

The sampled-AGC approach was extended by Hach (1966, 1968), who
developed the two-reference-temperature AGC radiometer shown in Fig. 6.21.
This radiometer has several attractive features: (1) 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 flown 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 notation,
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TABLE 6.3

Radiometer Systems

Radiometer Section of Skylab’s RADSCAT"

Antenna:
Antenna type Parabolic reflector
Reflector diameter 114 cm
Half-power beamwidth 1.5°
Beam efficiency 9%0%
Antenna loss 03dB
Polarization Horizontal and vertical
Radiometer:
Center frequency 13.9 GHz
Predetection half-power bandwidth 210 MHz
Receiver noise temperature 1195 K
Comparison temperatures 318and 393 K
Switching frequency 996 Hz
Video amplifier gain 42+4 dB
AGC integration time-constant 09s
AT,,,, for integration time:
32 ms LISK
128 ms 0.6 K
256 ms 0425 K

*General Electric Space Systems Division (1973),

the only notable difference is that we shall assume the switches to have such a
short switching time constant, compared to the switching periods, that switch-
ing between ports may be assumed to be essentially instantaneous. Hach's
treatment is more general in that it takes into account the effects of the
nonzero switching time constant on the radiometer signals, although the final
results are the same as those obtained assuming zero switching time constant.

The two-reference-temperature radiometer shown in Fig. 6.21 uses two RF
switches: an input switch which connects the receiver to either the antenna
port or to the reference port, and a reference switch which connects the input
switch to one or the other of two reference noise sources (loads) with constant
noise temperatures T, and T, The switching frequency of the input switch is
2f., and it is exactly twice the switching frequency of the reference switch.
Both switching waveforms are generated by the same square-wave generator of
frequency 2 f,, with the addition of a frequency divider prior to the reference-
switch driver.

With reference to the switching sequences shown in Fig. 6.22(a) and (b),
the output voltage of the square-law detector (Fig. 6.22(c)) is given by

(T +Thee) for Osi<is,
(T3 +Thpe) for 7 <sis<is,
(Ty+ Tage) for dn,<t<in,
(T, +Thpc) for ir <t<t,

V,(1)=C,GkB (6.90)
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Fig. 6.22 Switching sequences of (a) input switch. {b) reference switch, and (¢)
square-law-detector output of Hach radiometer.

where 7, (= 1/f,) is the period of one switching cycle of the ref«;rence swi‘lch.
The components due to noise and gain fluctuations have been ignored, since
they will effectively be filtered out by the signal or AGC integrators. _

The square-law detector is followed by an ac-coupled video amplifier with
controllable voltage gain g, and a rectangular passband that should extend
from about 0.01/, to 10, (Hach, 1968) in order to preserve the relative phase
between the fundamental wave at f, and the first harmonic at 2 /.. The output
voltage of the ac-coupled video amplifier is

v,(1)=g[Vi(1)~ Vi (6.91)
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V,, the dc value of V,(r), is equal to one-quarter the sum of the four
components given in (6.90), or

V,=Ko(2T + T, + T, + 4T} ¢ ), (6.92)
where

K,= C,GkB/A. (6.93)
Inserting (6.90) and (6.92) into (6.91) leads to

QT;—7,—-T;) for O<t<ir,

(3T, —T,—-2T;) for 41, <t<ir,
“|@T,—T,—-T;) for ir<t<ir,

(3T, —T,—-2T;) for 31 <i<n,.

V,(t)=K,g (6.94)

V(1) serves as the input waveform to each of two synchronous demodulators
(detectors): the AGC demodulator and the signal demodulator. The AGC
synchronous demodulator is followed by a low-pass filter (integrator) with
integration time 7, (the reference voltage ¥ of Fig. 6.21 may be ignored for
the time being), and similarly, the signal demodulator is followed by a filter
with integration time 7, .. The integrators are, of course, used to filter out the
noise and system-gain fluctuations, and therefore their bandwidths are of
prime importance to the radiometric sensitivity AT, as discussed later. The
total voltage gain of the AGC synchronous demodulator-integrator is desig-
nated g, ., and g, is defined similarly for the signal branch.

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

— Bage /2 " T
V"“:T:[jor Vv(;)dr—];ﬁVv(r)dr]. (6.95)

which, upon inserting (6.94), 18ads to
Vu;r ZKUgvgagc(Tz _TI)- (696)

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

£ )

7= %{E"Vu(:)dt—":ir’l@(:)dr+f:i"Vb(:)dr—ﬁjVo(r)drl.

(6.97)
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which yields
Vslg:KOgvg.ug(zT;; —T[_Tz}- (698)

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

I. Both output voltages, ¥, and ¥, _, are independent of the receiver noise
temperature Ty z. This is due to the ac coupling of the video amplifier.

2. Both output voltages are directly proportional to the factor K,g,
(=C,Gk Bg, /4), which contains all the RF parameters that give rise to the
system gain. Hence, the ratio ¥,  /V, _is independent of system gain

variations.

8¢

The two-reference-temperature Dicke radiometer may be operated in
either of two modes. The first mode consists of measuring V,, . and V,
separately and then forming the ratio

g =ﬁ2T;_T1_T2

(6.99)
gaxr Tl - TI

R | BN |

RC

from which T can be determined. The measurement accuracy of T; depends
on the stability of the reference temperatures 7| and T, which, in practice, can
be maintained constant to within a fraction of a kelvin. Since g, and g, are
low-frequency parameters, they can be maintained at essentially constant
levels. In this first mode, the gain of the video amplifier is kept constant also.

The second mode of operation uses the AGC output voltage ¥, 1o drive
a feedback loop. Since ¥, is independent of T and T ;. and since T, and T,
are maintained constant, changes in ¥, are due to variations in the receiver
parameters. Such changes can be compensated for by controlling the video-
amplifier gain with a feedback loop. After experimentally measuring V,
without feedback, the measured value (call it V) then is used to set the voltage
level of a reference dc voltage source.

With F‘;l, maintained equal to ¥ by the feedback loop, the ratio of (6.98)
to (6.96) yields

-] VRgu' ( 27: —T| = TZ )
g = S (6.100)
= gﬂgr TZ g TI
from which the following expression for T is obtained:
=17 | 2 =T+ (T4 1) (6.101)
7: e ‘i sig Vng"’ 2 1 ) 2 | = a
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he radiometric sensitivity AT is given by (Hach, 1968)

o) (525
I+Tug('/73rg T! _TI

1 /2
X [(T; 4 Taue Y+ (T + Tagc Y +2(T5 + Tige )1]}

1
AT=——
l/B*r"x {

(6.102)
vhere 7, and 7, are the integration times (not time constants) of the AGC
npd signal channels, respectively. For comparison purposes, the ratio of AT as
iiven by (6.102) to AT of the balanced Dicke radiometer (Eq. (6.75)) is shown
n Fig. 6.23 as a function of T for several values of the ratio 7,,_/7,,.. The
salues used for 7,, T,, and Ty, are 393, 318, and 1200 K. resp;clivefy (see
['able 6.3).

10
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. Fig. 6.23 Ratio of the radiometric resolution AT(Hach) as given by (6.102) 1o the
radiometric resolution of the balanced Dicke radiometer, AT(Dicke), as given by (6.75). plotted
as a function of T for several values of 7, /7,,.. Both types of radiometers are assumed to have
the same bandwidth B and signal integration time 7, (or 7 in (6.75)). The values used for 7. 75,
and Ty, are from Table 6.3 -
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6-12 NOISE-ADDING RADIOMETER

The noise-adding radiometer (Ohm and Snell, 1963; Batelaan et al., 1974)
removes the effects 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 constant-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 ¥ is formed, whose average value is given by

F= —FI_ _ i+ Trec

“REC (6.103
VZ = V| TN )

where V,,V,=average square-law detector output voltage corresponding to
the half cycle (of the switching period) during which the noise

diode is OFF and ON, respectively,
Ty =added noise to receiver input during the diode on half cycle.

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

Vou = Y=(T4 + Tgc) /Thi ' (6.104)

The measurement accuracy of T} is independent of system gain variations,

but it is linked directly to the stability of the receiver noise temperature Ty ¢
and to the excess noise temperature 7.

The theoretical sensitivity of the noise-adding radiometer is given by
@alelaan et al., 1974)

- 2(T; + Tree) [l " (ch"’TiEc)]
/Bt T )

The quantity multiplying the square bracket is recognized as twice the radio-
metric sensitivity of the ideal radiometer. Hence,

AT (6.105)

% Teve
AT(noise-adding) =2AT ;54 ,_[1 T ]
N

The absence of an input switch is an attractive 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 Ty . 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 sensitivities of the order of 0.01-0.1 K. For such cases, the absence
of an input switch becomes a significant factor.
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* where a and b are constants and [/, is either V,
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6-13 OTHER 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 reported 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 lechniques.

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 milliseconds 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 ps (Hankins, 1972). Techniques
developed for observations of pulsars with high temporal and spectral resolu-
tions are described by Huguenin (1976).

6-14 SUMMARY OF RADIOMETER PROPERTIES

For easy reference, Table 6.4 provides a summary of the input-output relation-
ship and of the radiometric sensitivity for most of the receiver configurations
discussed in the previous sections. The output indication [, is related linearly
to the antenna radiometric temperature 7 through

oul

1, =a(T,+b), (6.106)
f

L) "« (Integrator output voltage),
V._ (control voltage), or f, (pulse-repetition frequency).
Since, in general, the radiometric sensitivity AT is a function of T}, Table
7.4 considers AT for each of two values of T}, namely, 7; =0 K and T; =T,
where T, (=310 K) is the environmental temperature of the radiometer front
end. In both cases, AT is normalized to AT, ,,;, the sensitivity of the ideal
total-power radiometer, which is given by (6.53),

_ T+ Tree

AT ppar = ‘[E‘l-_ . (6.53)
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6-15 PRACTICAL CONSIDERATIONS

Radiometer performance is measured in terms of measurement accuracy and
precision, both of which are determined (in practice) by the RF portion of the
radiometer. Although some mention of practical details was made occasionally
in the preceding sections, most systems and devices were described in terms of
their intended (ideal) functions, with little or no description of their opera-
tional characteristics. This section is intended to provide the reader with an
overview of the factors that should be considered in the design of microwave
radiometer systems.

Perhaps the single most important parameter that determines the perfor-
mance (and /or cost) of a microwave radiometer is its frequency. Generally
speaking, the noise performance and stability of microwave devices and
systems decrease with increasing frequency, as does the number of available
types of devices that can perform a certain function. For example, in present-
day technology, a 100 K receiver noise temperature is fairly easy to achieve at
| GHz using an uncooled field-effect-transistor (FET) RF amplifier. At 30
GHz, a 500-K receiver noise temperature is considered state-of-the-art (without
cryogenic cooling), and the cost of such a receiver typically is an order of
magnitude higher than that of the 1-GHz receiver. These figures soon will be
out of date, however, because the field of microwave semiconductor and
solid-state devices is moving at a tremendous rate, as illustrated by the example
shown in Fig. 6.25. In 1968, solid-state amplifiers were limited to frequencies
below 500 MHz and consisted primarily of bipolar transistor amplifiers. Most
microwave receivers used traveling-wave-tube (TWT) amplifiers. The rapid
development of the FET in the late sixties and early seventies brought about a
revolution in microwave amplifiers; solid-state amplifiers began to and have
continued to replace TWT amplifiers. In addition to the FET, several semicon-
ductor devices also were developed in this timeperiod, including the tunnel,
Gunn, and iMPATT diodes, among others. Kennedy (1978), the author of Fig.
6.25, projects the status of transistor-amplifier performance into the year 2000,
at which time it is predicted (according to Fig. 6.25) that a similar performance
will be attainable at 100 GHz to that attained at 0.1 GHz in 1968.

LY

6-15.1 Dicke Input Switch

The purpose of the input switch is to switch the receiver periodically between
the antenna and the reference load at a high enough rate that the system-gain
remains essentially constant over a period of one cycle. In other words, in
order to successfully subtract out system-gain variations in the synchronous
demodulation, the switching rate f, should be higher than the highest signifi-
cant frequency in the system-gain variation spectrum. As was noted earlier,
although no detailed studies have been conducted of the variation spectrum, its
upper limit usually is assumed to be around 10 Hz. Another constraint on the
lower limit of /, is set by the effective bandwidth of the low-pass filter, B, .. To
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Fig. 6.25 Noise figure of narrow-band transistor amplifiers as a function of frequency and
time (Kennedy, 1978).

satisfy the sampling theorem, we must have f >2B8, .. Integration times 7
(=1/(2B, ) used in ground-based radiometer systems typically are around |
s, which corresponds to B, =0.5 Hz, or f,>1 Hz. However, airborne and
spaceborne imaging systems often use integration times as short as 30 ms,
which means that f, >2B, =1 /7=33 Hz.

The upper limit of f usually is governed by the switching time 7,,. To
avoid the effects of switching time on the square-wave shape of the radiometer
signal, it usually is recommended that

* %ﬂo*. (6.107)

¥

where 7, is the switching period. Electronically controlled microwave switches
generally are one of two types: (1) semiconductor diode switches and (2) ferrite
circulators (Table 6.5). The most commonly used diode switch is the PIN
single-pole double-throw (SPDT) switch, whose switching-time is typically
between 10 and 200 ns. Ferrite circulators are slower switching devices, with
7,.-values in the 1-10-ps range. For 7, =10 ps. (6.107) is equivalent to
/. <500 Hz. Most Dicke radiometers are operated at switching frequencies in
the 10-1000-Hz range.
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Fig. 6.26 Typical noise performance of commercially available parametric amplificrs, FET
amplifiers, and mixer-preamplifier assemblies. Operating bandwidth is typically 10 percent of
RF frequency for f< 20 GHz, and between 0.1 and 2 GHz for f>20 GHa.

For state-of-the-art reviews, the reader is referred to the paper by
Kennedy (1978), which provides a review of the development of microwave
semiconductor and solid-state,devices; to the paper by Sterzer (1978) on FET
devices; and to the papers by Kerr (1975, 1979) on microwave mixers. Mixer
design and noise performance at frequencies above 100 GHz are discussed by
Held (1979).

.

6-15.3 Noise Sources and Reference Loads

Basically, there are two types of noise sources available for calibration and
balancing and as reference sources: (1) passive sources and (2) active sources.

Passive Noise Sources

Any device or component that delivers noise power at a constant level without
the use of external (electric) power may be defined as a passive noise source.
The simplest passive noise source is a matched load. When maintained at a
constant physical temperature 7, it delivers an average noise power with an
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equivalent noise temperature equal to its physical temperature. Maiched loads
are used as reference loads and usually are maintained at temperatures higher
than the highest expected environmental temperature of the radiometer by
enclosing them in a temperature-stabilized oven. To avoid temperature mis-
matches, it is sound engineering practice to include the entire front-end of the
radiometer in a common temperature enclosure.

Matched loads also are used for calibration, whereby either the antenna is
(physically) replaced by a load, or the radiometer is switched to a load via a
calibration switch placed as close to the antenna as possible. Low noise-

__temperature values are obtained by immersing the load in a low-temperature
medium such as liquid nitrogen or liquid helium, whose boiling temperatures
are 77.4 and 4.2 K, respectively.

Active Noise Sources

Until the late 1960s, the gas-discharge tube was the most commonly used noise
generator at frequencies above 1 GHz. Today, solid-state noise sources, prim-
arily avalanche diodes, are available commercially up to 40 GHz.

The term commonly used to characterize the power delivered by a noise
source is the excess noise ratio, ENR, which is defined as

P,—Py _kB(Ty—Ty)

ENR=—"5 KBT,

— 2~ (6.110)

where T, is the noise temperature of the source, and T, is its physical
temperature. Often, ENR is expressed in dB,

ENR(dB)=10log ENR. (6.111)

Standard avalanche noise sources are available with excess-noise ratios of
35 dB at frequencies up to 12.4 GHz, and with lower levels at higher
frequencies, typically 23 dB up to 40 GHz

| As was discussed earlier toward the end of Section 6-10.1, active noise
sources may also be used to provide noise temperatures T, that are lower than
the ambient temperature T,. Specifically, the COLDFET has been shown to
have a noise temperature of 50 K at 1.4 GHz (Frater and Williams, 1981).

6-16 RADIOMETER CALIBRATION TECHNIQUES

Radiometer calibration may be divided into two steps. The first step involves
relating the receiver output indication (voltage, count, deflection, etc.) to the
noise temperature at the radiometer input. This usually is accomplished by
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measuring the output indication as a function of the noise temperature 7., of
a calibration source connected to the radiometer input (in place of the
antenna). The resultant relationship between the output indicator and 7.,
provides the scale factors necessary for relating the output to the antenna
temperature Ty (when the radiometer receiver is connected to the antenna). We
shall refer to this first step as receiver calibration.

The second step involves relating 7} to the radiative properties of the
scene under observation. T consists of three components: (1) energy received
through the antenna mainbeam, which is the quantity of interest; (2) energy
received from directions outside the antenna mainbeam (sidelobe contribu-
tions); and (3) thermal energy emitted by the antenna structure itself. To
evaluate the significance of the latter two components and to factor out
(partially) their influence on T}, it is necessary to know the radiative properties
of the antenna with a high degree of accuracy. Standard test procedures have
been defined for the measurement of antenna properties (IEEE, 1979), but for
one of the properties of interest, namely the radiation efficiency 7,, the
standard procedures do not provide (in practice) the level of accuracy that is
desired for the application of radiometric corrections. Alternate measurement
techniques that have been developed specifically for microwave radiometric
applications are discussed in Section 6-16.3 under the heading “Antenna
Calibration.”

6-16.1 Receiver Calibration

Most radiometer receivers are linear systems in the sense that the output
indication 7, is directly proportional to the antenna temperature 7. With
reference o (6.106),

Lo =alT;+b), (6.106)

it is sufficient to measure /,,,, for each of two known values of T 1o determine
the constants a and b. For some radiometer configurations, the constant b is
given in terms of known constant temperature(s); b= — Ty, = — T, for the
three Dicke radiometer types given in Table 6.4, and b=(7, —T,)/2 for the
Hach radiometer, which uses two reference noise temperatures. In this case,
one calibration measurement to determine the constant a is sufficient. In
practice, however, it is advisable to calibrate the radiometer at more than one
value of the input noise temperature, and at least one point should be for a
¢ libration noise temperature lower than 100 K.

Figure 6.27 shows a calibration noise source placed at the radiometer
input. Corresponding to measurements with calibration noise temperature
T2, and T¢,, (where the superscripts h and ¢ stand for hot and cold.
respectively), the radiometer output indicator records values of

I,=a(T¢,, +b), (6.112a)
I,=a(TE, +b). (6.112b)
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Fig. 6.27 Calibration of a reflection-free radiometer receiver.

The above two equations give the solutions
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Three types of calibration noise sources have been used. The first type consists
of a matched load (resistor) whose temperature may be held at a constant
known value. A hot load usually is enclosed in a temperature-controlled oven,
and a cold load usually is immersed in a Dewar flask containing a boiling
cryogen. Liquid nitrogen (N, ), whose boiling temperature is 77.4 K at sea-level
barometric pressure, is used commonly for this purpose.

The second type of calibration source consists of material with known
emissivities, such as the highly absorbing, nonreflective materials used in
anechoic chambers. These materials can be constructed to have emissivities
close to unity, and therefore their brightness temperatures are approximately
equal to their physical temperatures. Low brightness-temperature values are
obtained by saturating the absorbing material in a boiling cryogen. The
calibration procedure consists basically of observing the material with the
antenna beam and then relating its emission to the noise temperature at the
antenna terminals. The process involves the antenna properties, and therefore
we defer discussing the details of the calibration procedure until the next
section.

The above two receiver calibration methods usually are used to calibrate a
radiometer before and /or after a measurement program only. If the matched-
load method were to be used for periodic calibrations during an aircraft
measurement mission, it would require the availability of a cryogen for the
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duration of the flight, and, in spacecraft operations, refrigeration equipment
would be needed to maintain the cryogenic fluid at the desired temperature,
Radiometers employing balanced Dicke or Hach receiver configurations can be
made sufficiently 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 calibrations) 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 temperature 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 whatever it was connected to. In other words, no reflections due to
impedance mismatches existed. In practice, it may be possible to reduce
reflections 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: (1) 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 reflection-free radiometer, the output
indication I, is linearly related to the input noise temperature 7;,, which
represents the net power delrvered to the receiver due to noise power supplied
by the antenna (or calibration source) and the line in between. That is,

Lu=aTiytby, « (6.114)

where a, and b, are constants. Mismatched components give rise to reflection
coefficients that end up modifying the values of a, and b,. As long as the
magnitudes and phases of these reflection 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 calibration process. The reflection
coefficients of components are most susceptible to temperature variations.
Therefore, not only is it important to maintain 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, are maintained constant, [, will be related accurately to T,
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Fig. 6.28 Radiometer receiver connected to (a) antenna and (b) calibration source. The R's
are voltage reflection coefficients looking into the indicated ports.

This brings us to the second step, namely, relating 7;, to the antenna
temperature T, or to the noise temperature of the calibration source, T, . If
the voltage reflection coefficient as seen looking into the antenna, R 4, is equal
Lo the voltage reflection coefficient (in magnitude and phase) as seen looking
into the calibration load, R, the problem is an easy one. In this case, the
calibration constants obtained by calibrating [, against T-,, will be the same
as the constants in the relation between [, 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, R ,# R, which means that the
relationship between /,, and T.,, will not be exactly the same as the
relationship between [, and T}; 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 1 K if
|R~|<0.05 and | R ;|<0.05 to much larger values if the magnitudes of R . and
R, are larger and very different.

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

1. Develop a relationship between T}, and T, (Fig. 6.28) that incorporates
reflections. The method is described below and results in a linear form

Ty =ayTey + by, (6.115a)
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where a, and b, are constants that are given in terms of measurable
quantities.

2. Develop a similar relationship between T, and T;:
Tiy=a;T;+b,. (6.115b)

3. Measure 1}, and I}, corresponding to two known calibration temperatures
7r,, and TS,,, respectively.

4. Using (6.115a), calculate 7}y, and T}y, and employ the form of (6.114) to
determine the constants @, and b,.

5. With a, and b, known, use (6.114) and (6.115b) to relate 77 to /

our*

lnm “‘d.b; _bl

TA:T. (6”5C)

Steps (1) and (2), which are the keys to the above procedure, basically are the
same; each involves the development of a relationship between the noise
temperature of a noise generator (antenna or calibration source) and T7,,.
Figure 6.29 shows a noise generator, with output noise temperature T,
connected to the radiometer input via a lossy two-port network S. The network
S may be a transmission line, a calibration switch, or any passive, linear,
time-invariant network. It is characterized by a scattering matrix S given by

S= [ S 512}'
Sn S

where the scattering coefficients S, and §,, are related to the reflection
properties of the network, and S, and §,, are related to its transmission
properties. Standard techniques for measuring the elements of S are described
in Helszajn (1978). The network S is assumed to have a physical temperature
T,,. and the voltage reflection coefficients as seen looking into the radiometer
and into the generator are respectively R, and R .

The effect of mismatches on receiver calibration has been treated by Wells
et al. (1964), Miller et al. (1967), and Otoshi (1968), among others. Manipula-
tion of Otoshi’s expressions to suit the configuration shown in Fig. 6.29 can be

shown to lead to the expression below for the noise temperature 7}, of the net
power delivered to the receiver:

Tiw=a, T +a (1 -T)G+(1—a,) Tk, (6.116)

where a, TT,=net delivered noise temperature from generator,
a,(1—T)T,=net delivered noise temperature generated by lossy network S
due to self-emission,
(1—a,, )T, = net delivered noise temperature generated by the receiver and
then reflected back towards the receiver.
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Ty is the noise temperature generated by the receiver in the direction of the
generator, and it is not necessarily equal to the receiver input noise tempera-
ture Tz Rather, Ty is the noise temperature of the power that would be
absorbed by a matched load placed at the radiometer input. In practice, T, 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 quantities a,, and T are known as the
mismatch loss factor and the transmission factor, respectively, and are given by

the expressions

(|_|st|z)(l_an|2)

a,= . (6.117)
|I_R25‘RR|2
| (|_|RG§2)(I"|S|1|2)
T=1— s 1 | (6.118)
s|1—8,Rg| (l_lesi )
where
- SuSipRg
RzS—SD+—I_S“R“, (6.119)
:@(|_|Su|2) (6.120)
Z) |S2,]2 - -

Lg is the loss factor of network S, and Z,, and Z,, are the characieristic
impedances at ports 2 and 1, respectively. Usually, Z,, =Z,,. To compute «a,,
and T, it is necessary to know the magnitudes and phases of the voltage
reflection coefficients R, and R, and of the scattering coefficients of the
network S. These quantities can be measured by a network analyzer.

Matched Case
If Zy, =2, and Ry=R,s=R;=0,
e, =1, (6.121)
L &
L—:|sn|2. (6.122)
S0

where |S;,|? is the power transmission coefficient of the network. That is, Ly,
is the loss factor under matched conditions, while L is the loss factor in the
general case. For this matched case, (6.116) becomes

T, (matched) = 1—'3;71,.+ (I—- 1‘; )1},. (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 attenuator whose input is fed by a matched noise generator.

Transmission-Line Case

If the network § is a uniform transmission line of length /, its scattering
coefficients are given by

8,=58,=0, (6.124a)
Sp=58,=e ", (6.124b)

where y=a+ jB is the complex propagation factor of the line. Using (6.124),
we obtain

L=, (6.125)
(1=1RG12Ls 2 ) (1= | Rg|?)
a, = T ] (6.126)
1-|R|?
—Ll (IR ‘z’l 7)2 , (6.127)
5 (I_1RGl Ls )

Error Bounds

In some cases the magnitudes of Rz and R are known, but their phase angles
are not. It may be desirable to establish upper and lower bounds for 7}, on the
basis of the magnitude information only.

The only place where phase angles play a role in the above expressions is
in the denominator of a,,. With R, and R; defined by

Rp2|Rp|e’* (6.128a)
R:2|Rg|e'*e (6.128b)
we have

[1=RpRge |2 =1+4|Rg|*|Rg|*Ls* —2| Rg||Rg| Ls "cos ¢,
(6.129)
where
$=2Pl—dp — ;- (6.130)

The following procedure leads to the determination of the upper and lower
bounds, T;,(max) and 7;,(min), with ¢ allowed to take any value in the range
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O=¢=q:

1. Upon substituting (6.129) into
(6.127) into (6.116), we obtain
the only unknown quantity).

2. The values of ¢ for which

by differentiating 7}, with respect 1o ¢ and equating the result to zero.
3. These values of ¢ then are used in the original expression for Ty to
determine 7, (max) and T, p(min).

In some cases, the above
values of ¢ for which T,

form of the 7}, expression. One such case is when T,
temperature radiated towards the generator, is equal to
temperature of the transmission line. With T,

(6.126) and then substituting (6.126) and
an expression for 7, as a function of ¢ (as

=Ty, (6.116) simplifies to
Tin =Ty~ a,T(Ty ~ T;,).

Since T;; usually is smaller than Iy, Ty =
vice versa for 7, (min). With reference to (6.129) and (6.126),

am(max)zﬂm(¢:0)‘ (6'328)
a,,(min)=a, (¢=1), (6.132b)

Comparison of (6.131) with the expression for

T;y(maiched), given by (6.123),
can be shown to lead to the conclusion

Tjy(matched) < 7, (min) <7, (max),

where the equal signs apply when

[Rg|=|R;|=0, or when Tx=T;=T,. Let
us define the mismatch errors

A,.» =T;x(min)— 7;, (matched) (6.133a)

and

8,105 =Ty (max) — T, (matched). (6.133b)

If T)y is computed using the expression for 7). (matched), thereby ignoring
mismatch errors, the value thus computed will be in error by at least A, and
by at most A, ..

To illustrate the significance of mismatch errors that are associated with
radiometer calibration, let us consider the following examples.

T} is maximum or minimum may then be found

procedure is unnecessary because the desired
7x 1S maximum or minimum can be deduced from the

the receiver noise
T;, the physical

(6.131)

rv(max) when a,, =a, (min), and
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Fig. 631 Variation of maximum and minimum mismatch errors with generator noise
temperature for |R x| =|Rg|=0.2.

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 opposite direction. When placed with its
low-loss propagation direction lying in the direction of the receiver, an isolator
altenuates 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, T,. Hence, when an isolator is used, T, =T,

-

6-16.3 Antenna Calibration

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

732=nmu7_‘m +a,(1—ny )fw. +(1—2)7T, (4.62)

60 80 100 150 200 250 300
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where 7u,=antenna radiation efficiency
=1/L,, where L, =antenna loss factor,
1, = antenna main-beam efficiency,
T,=physical temperature of the antenna.

T,y and T, were defined as the main-lobe and side-lobe contributions, and
are given by (4.56) and (4.59), respectively. With 7} measured by the radiome-
ter, the objective is the estimate 7, . In the ideal case of a lossless antenna
(m, = 1) with a radiation pattern consisting of only one main lobe (7,, = 1), the
above expression reduces to

=Ty

In the real case, however, exact determination of T, necessitates that n;, 7,
and T, be known. Techniques for measuring the antenna parameters 7, and
1, are discussed below, but T, is not a measurable quantity, nor is it a
constant, since it depends on the distribution of radiation incident upon the
antenna from directions outside the main lobe. As was discussed in Section
4-6.4, the magnitude of the error associated with the estimated value of /P
due to the lack of knowledge of Ty, is a function of 5, only. Therefore, in
order to minimize this source of error, whose magnitude is shown in Fig. 4.11
for several values of n,,, 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 7,, and aperture efficiency 7, is
shown in Fig. 6.32. For radiometric remote sensing, this is equivalent to a
tradeoff between radiometric resolution and angular (or spatial) resolution.
1, and n, were defined in Chapter 3 as

J[ E(0.9)a0

main lobe

jﬁ.w.wn

"= Go - 4”60
= T —— = —— — i
Do Jan(B.d’)dﬂ

where F(#, $)=normalized radiation pattern,
G,= maximum power gain,
D, = maximum directivity.

T = : (6.134)

(6.135)
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Fig. 632 Beam and aperture efficiencies for a one-dimensional aperture as a function of
taper (after Nash, © 1964 IEEE). The aperture distribution is £,(x,)= K, + K, (1 —x]), where
x; =2x,/l and [ is the aperture length.

If the radiation pattern F,(#,¢) is accurately known for all directions (8, ¢)
over 47 solid angle, the determination of 7,, becomes a straightforward task.
Similarly, n, also can be determined provided G, is known. In practice, G, 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 | percent, it is liable to result in an error of several kelvins in
the estimated value of T,,,, and in order to have good accuracy il is necessary
to measure the complete two-dimensional variation of F (@, ¢) 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 operation. Alternative, and perhaps more accurate,
methods developed for measuring 7, are described next. Once n, has been
determined, TJM can be easily computed from

[ E(o.6)a0.

matn lobe

nM 4'ﬂ'G (6‘36)
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As was mentioned earlier, G, is an easily measurable quantity. and so is

F,(8.¢) 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, 1s quoted
as the main-beam efficiency for a certain angular range (such as within two
half-power beamwidths of the main-beam center) or for a range of F(0,¢)
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 reflection coefficient (Fig. 6.34) and
therefore acts like a perfect absorber (emitter) with a brightness temperature
equal to its physical temperature.

With the antenna aperture viewing an essentially constant brightness
temperature distribution Ty, (from all directions), the antenna temperature f )
measured by a microwave radiometer is given by

Ti=nTg+(1—n)T,. (6.137)

where 7, is the radiation efficiency of the antenna and T, is its physical
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Fig. 6.33 Construction of cryoload for calibration of radiometer antenna (after Hardy et
al., © 1974 1EEE).
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temperature. Solving for 7,, we have

_L—-T;
LI T, (6.138)
where in this case T, =77.36 K.

The cryoload calibration technique has several attractive features: it is
accurate, repeatable, and relatively inexpensive. According to Hardy et al.
(1974), who used the cryoload technique to calibrate a 2.65-GHz radiometer,
absolute accuracy of about *+0.1 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 (10-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
relatively small antenna apertures (of the order of 1 m per side). For large
antennas, the bucker 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

T, =0T, +(1—0,)T;, (6.139)
Ispihe.rﬁta(-sﬁ':rﬁ:a '
24 ¥
Toxy Tsky Tsy
F.l\ 10.9m —=]
i

: %
Perfectly Conductin

Euckel : \

Fig. 6.35 The bucket method for measuring the radiation efficiency of an antenna (after
Carver, 1975)
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rere T, is the antenna temperature for a lossless antenna and is equal to the
tegrated brightness temperature of the sky (see (4.53)).

!ff:vxt'(a-¢)":.(ﬂ-¢)d9

Lff;(e.wdn

he surface of the perfectly reflecting metal bucket has an emissivity of zero.
lence, the radiation received by the antenna is due entirely to atmospheric
mission, the major portion of which is received directly from above and the
st of which is received through the side lobes after being reflected by
2e bucket walls. Assuming that T (6, ¢) is approximately constant over the
ngular range subtended by the main lobe and the first few significant side
sbes, (6.140) reduces to

(6.140)

L

TA:TS‘KY(BZOO)- S

Jsing values of meteorological parameters provided by a weather station
ocated next to the bucket, Ty ,(8=0°) could be calculated using the atmo-
;pheric-emission formulas given in Chapter 5. With 7, computed, and T}, and
', measured, 7, 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
clements 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 arg 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 resolution of a micro-
wave radiometer is given in terms of the instantaneous field of view (IFOV)
corresponding to the half-power beamwidths. The IFOV defines the area on
the ground covered by the antenna main beam. For the configuration shown in
Fig. 6.36, the spatial resolutions Ax and Ay are given by

Ax=B.h, (6.141a)
Ay=pBh, (6.141b)
where A is the height of the antenna platform, and B, and B, are the half-power

beamwidths in the x- and y-directions, respectively. Most microwave radii)met-
ric systems use antennas with circularly symmetric patterns, i.e., B, =B, B.
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v

Flg. 636 The Instantaneous Field of View (IFOV) for a nadir-pointing antenna with
beamwidths 8, and B,. The antenna platform is at a height A above the ground.

As was discussed in Chapter 3,
- A .
B= T radians, (6.142)

“.'here 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 Tables 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 Configurations

Rafliomelric 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 rotation or angular movement of the radiating aperture of the antenna
system. Examples are 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 antenna 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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Fig. 6.37 (continued)

process (see Section 3.20). If the antenna is to scan in only one direction, it is
sufficient to control the relative phase in one dimension, as illustrated in Fig
6.38. Another advantage over mechanically scanned antennas is the high-
scanning-speed capability of phased arrays. Electronic beam steering has som¢
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 U
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 flow
on the Nimbus satellite series, the 19.35-GHz (Nimbus 5) and 37-GHz (Nimbt
6) electrically scanning microwave radiometers (ESMRs) 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 conf:g}ir
tions. In the first configuration (Fig. 6.39(a)) the antenna beam scans 1in
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@ 5 plane that is approximately perpendicular to the direction of motion. The
= & angle of incidence varies between §=0° for the nadir beam and #=6, at the
S
il
o=

edge of the scanline. Also, the shape of the IFOV changes from a circle (for a

circular antenna pattern) at nadir to an ellipse with its long axis in the

} 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 about 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 scanline; in other words, the angle of incidence essentially would
be constant across the image generated by such a scanning arrangement.

6-17.2 Radiometer Uncertainty Principle

We pointed out in preceding sections that, for a given integration time , there
is a tradeoff between spectral resolution (the predetection bandwidth B) and
the radiometric resolution A7. For most radiometer systems, AT may be
expressed in the general form

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 7 may be. The situation is
different for a moving platform.

To relate the parameters of a scanning system to 7, 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 « in the x-direction. The radiometer antenna scans
between -+ 6, (+ y-direction) and —#, (—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 _

u u

| = (6.144)
Ignoring the reset time involved in steering the beam from the end of one
scanline (#=4#,) to start a new scanline, and assuming that one transverse scan
is completed per beamwidth of forward motion (i.e., in time ¢,), the angular
scanning rate is

20,
w=—1
r

rads . (6.145)

If we assume further that the antenna beamwidth remains constant as the
beam is made to scan between —#@, and + 6, (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. 640 Geometry of airborne scanning microwave radiometer (after McGillem and Seling,
© 1963 IEEE).

takes to scan through one beamwidth in the transverse direction is

17w 26,
This time 7, is called the dwell time because it is equal 10 the time that a point
on the ground is observed by the antenna beam. Using (6.144), 7, can be
expressed in terms of the spatial resolution Ax:

_ (ax)’ (6.147)
'Td 2“&,}1 ’

where 6, is in radians. _ -
Now let us suppose that the radiometer beam crosses over a § p

boundary (in either direction) between two areas pr very different emission
characteristics. If the radiometer integration time 7 1s much smaller than 7, 1t
will take the radiometer output approximately 7, secom_is to make the transi-
tion between the two levels corresponding to the two dissimilar areas. If, 03 the
other hand, 77, it will take the radiometer mulch l.onger‘ than 7, sﬁcor'n s ;z
register the change due to the sharp boundary, which is equivalent to having
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Top image is a 32-GHz radiometric recording of the photomosaic shown below it. The radiometric image was obtained by

Fig. 6.41
a low-flying aircraft from a height of 700 m above the ground (

photo courtesy of A. Sieber, DFVLR).
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effective spatial resolution that is much larger than Ax. Hence, from the
standpoint of radiometric resolution it is desirable to have 7 as long as
possible, and from the standpoint of spatial resolution it is desirable to have
7«1, The optimum choice is dependent upon the nature of the application for
which the radiometer is used and on other system parameters. In the general
case, however, a compromise solution is to set

T=1,. (6.148)
For 7=, inserting (6.147) into (6.143) leads to
AT-Ax-B'? =M(2ub,h)'"*. (6.149)

The above expression may be termed the radiometer uncertainty equation. It
states that for given radiometer configuration (i.e., M), flight parameters (h
and u), and angular scan range (26,), the product of the radiometric uncer-
tainty AT, the spatial uncertainty Ax, and the square root of the spectral
uncertainty (B'/?) is a constant. Similar expressions may be developed for
more complex scanning configurations, but the basic idea remains the same,
namely, that the three types of resolutions (uncertainties) are interrelated, and
therefore improving one of them is likely to degrade one or both of the other
two (unless the flight parameters and /or the scanning configuration is changed).

We close this chapter with an example of a radiometric image consisting
of several parallel strips mosaicked together, as shown in the top part of Fig.
6.41. Below the radiometric image is a photograph of the imaged scene, which
includes agricultural fields, a residential area, and several streets. The images
were recorded by a 32-GHz imaging radiometer flying at a height of 700 m
above an area near Oberpfaffenhofen, Federal Republic of Germany.

PROBLEMS

6.1. Consider an antenna connected to a receiver system consisting of a
transmission line having a loss factor of 1.5 dB; an RF amplifier with a
noise figure of 7 dB and a gain of 20 dB, followed by a mixer-preamplifier
with a noise figure of 8 dB and conversion gain of 6 dB; and finally, an IF
amplifier with a noise figure of 6 dB and gain of 40 dB. The entire receiver
is maintained at an environmental temperature of 290 K.

(a) Find the overall noise figure and effective noise temperature of the
receiver system.

(b) Find the overall noise figure and effective noise temperature of the
receiver system with RF amplifier and transmission line interchanged.

6.2. The receiver of Problem 6.1(a) is connected to an antenna with a radiation
efficiency of 0.9. If the calculated antenna temperature of the scene under
observation is T, =100 K, and if the antenna physical temperature is 290
K., what is the system noise temperature at the antenna terminals?
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6.3.

6.4.
6.5.
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In a superheterodyne receiver with local oscillator frequency f,, and IF
bandwidth B centered at f,,, the IF output spectrum corresponds to two
RF spectral bands centered at f, and f, where

B B
f:tf =0 _f.-rij-

B B i
fzi—z“ =f1o +f.rr—5-

—~ 8 b 5

T |
L fw A

If an RF amplifier is used (ahead of the mixer) whose passband allows
only one of the two RF bands to reach the mixer input, the system is
referred to as a single-sideband receiver. On the other hand, if the mixer
input contains both RF bands (centered at f, and f,), the IF output will
include input signals and noise from a total RF bandwidth of 2B. This
latter situation, which is known as double-sideband reception, exists if no
RF amplifier (or RF filter) is used or if the RF amplifier passband
extends from below f, —B/2 10 above f, + B /2, thereby amplifying both
RF bands.

If Figp is the single-sideband noise figure of a mixer-preamplifier
assembly, show that for the double-sideband receiver, the double-sideband
noise figure Fj ¢y of the mixer-preamplifier is given by

Fpsp=$(Fgsp+1)
.
and that the corresponding equivalent noise temperatures are related by
Tpss =4 Tssp-

Verify the result given by (6.60).

The pulsed noise-injection radiometer of Fig. 6.18 drives the PIN diode
with 40-ps pulses at a pulse repetition frequency f,. The noise diode has
an “excess noise ratio” of 23 dB, and the loss factor of the PIN diode 15 2
dB in the oN state and 60 dB in the OFF state. The directional coupler has
a 20-dB coupling factor (F.=100), and the entire radiometer is enclosed
in a chamber maintained at 320 K. What should the range of f; be in
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6.6.

6.7.

6.8.

6.9

order to maintain the balanced condition over the range 50 K":‘m
K?

A 1-GHz balanced Dicke radiometer with a 100-MHz bandwidth is to be
flown on a satellite at an altitude of 600 km and with an average speed ©f
7.5 kms~'. The radiometer uses a 10-m-diameter antenna, and the re-
ceiver is characterized by Tz =1000 K and T, =T,=300 K. The
radiometer integration time is chosen to be equal to 0,] of the dwell time
of the antenna beam for a point on the ground. If the antenna is fixed sO
that its main beam is always pointed in the nadir direction, what will AT
be?

Suppose the antenna of Problem 6.6 is made to scan between —20° and
+20° relative to nadir in the plane orthogonal to the flight direction.
What is AT?

Verify that (6.95) leads to (6.96) and (6.97) leads to (6.98).

Repeat the computations leading to Fig. 6.31 for Ly =0.5 dB and |Rz|=
|Rg|=0.2.
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