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PASSIVE RADAR

A, G, Nikolaycv, S. V. Pertsov
Order of the Red Banner of Labor Military Publishing
of the Miuistry of Defense of the USSR, Moscow, 1970. pp. 132

Abstract

The basic ideas and concepts of one of the newest
branches of radar, that of passive radar, are discussed, 1
A great deal of attention is devoted to questions of i
the usc of passive radar by the armed forces. The
physical fundamentals of passive radar, and the prin-
ciples on which the constructior of passive radars
for different purposes are based, are elucidated,
Examples of target characteristics, and the very
gimplest of calculation methods for making an approxi-
mate assessment of the service capabilities of passive
radars, are cited, The materials contained in the
book are from open boviet and foreign sources. It
is written for officers involved in the operation and
combat u'e of radio engineering equipment, as well as
for students in milita:ry schools. The book is of ,
interest as well to other readers interested in modern A
radar equipment,
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INTRODUCTION ZB

The hcadlong devclopment of radio electronics in recent years has
led to the perfecting of existing radis engincering equipment, and to
the appearance of completely new types of equipments as well, One such
new type of radio engineering equipment is the passive ralar, or as it
still is called, passive thermal radar,

The passive radar is, in many respects, similar to the conventional
radar, Like the latter, passive radars are designed to detect distant
objects, and to fix their coordinates., The passive radar also is
similar to conventional radar in the accessories used., Passive radars
use antennas and receivers in the centimeter and millimeter bands, just
as do conventional radars,

There is, however, one important difference, and it is this differ-
ence that places passive radar in a separate branch of radio elertronics,
This difference is associated with the nature of the radio-frequency :

(r-f) radiation used. Conventional radar makes use of special oscillators
(magnetrons, power klystrons, and so on), but passive radar uses the

natural r-f radiation from the target., This natural r-f radiation is 5
therma) in origin in the majority of targets. It is this radiation

that has come to be called thermal radio radiation, and this, in turn, {
has led to the coining of the term "passive radar."

Thermal radio radialion is inherent in all bodies with temperatures /4
above absolute zero.* The characteristics of this radiation, intensity,
spectral makeup, and degree of polarization, will depend on the physical
properties of the radiating body in absolute terms,

A passive radar thus can detect and fix the coordinates of the
majority of natural and artificial bodies, and also can investigate
their physical properties,

All of this is what makes passive radar an effective weapon for
remote observation and monitoring.

Foreign military specialisls believe that the combination of abso-:
lute secrecy and all-weather capability give passive radar definite
advantages over conventional rad.r and the infrared (IR) technique.

The intense devcelopment of mceasuces designed to counter radar and IR
equipment cven further enhances the role of passive radar for military
use in radio electronic complexcs,

Foreign countries have built airborne passive radar for ground
scanning, as well as navigation cquipment for aircraft, warships,
submarines, and spacccraft, Passive radar for guided missile homing,
as well as certain other types of military passive radars, are in
the experimental stage, :

*Absolute zero (zoero temperature on an absolute scale) corresponds to
a temperature of =273.1° on the Celsius scale. All temperatures in
what follows will be given on the absolute scale.
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Moreover, thermal radio radiation methods are coming into practical
us2 in conventional radar operation, They have, for example, proven to
be very convenient for calibrating and tuning the antennas of ground
radar stations by using thermal radio radiation from natural sources.

Passive radar can be used to perform many national economy tasks,
-and in research, in addition to military uses,

These tasks can include, among others, ice reconnaissance, geo-
logical, geophysical, and meteorological research, and the detection
of forest and underground fires, Passive radar methods are widely used
in experimental physics, particularly in the study of plasma. Zﬁ

Passive radar appeared at the end of the 1940s. The rapid progress
in the field is in no small way due to the efforts of Soviet scientists
and engineers,

Professor S, M. Rytov, for example, undertook fundamental research

% in the field of the theory of “hermal radio radiation, A, Ye, Basharinov
provided the answers to a numbzar of important thcoretical questions

dealing with passive radar. V, S. Troitskiy, L. T. Tuchkov, and a

number of other Soviet resecarchers, were involved in research in thermal

radio radiation from the terrestrial surface and atmosphere. F. Ve Bunkin,

V. V. Vitkevich, N, V. Karlov, A. A, Krasovskiy, A. G. Kislyakov, V. S, 1

Troitskiy, N. M. Tseytlin, B. M. Chikhachev, and other Soviet scientists, 1

made a great contribution to the theory of the reception of thermal radio 3

radiation, i

(! The physical principles of passive radar are summarized, functional

) diagrams of passive radars are described, as are the schematic features
of the equipment, and recommendations arc made for modifying radar
receivers to rq.ceive natural r-f radiation. The concluding section of the
book contaic a survey of modern models of foreign equipment. Their
military capabilities are described, and questions of the military and
economic use of passive radar are considered,
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A. G. Nikolaycv wrote the sections on "Thermal Radio Radiation,"
"Passive Radar Methods," and "Use of Passive Radar," A, G. Nikolayev
F and S, V, Pertsov collaborated on the section on "Reception of Thermal 1
' Radio Radiation,"

SR

Th2 book has shortcomings, of course, so suggestions and comments
by readers will be appreciated,

The authors wish to cxpress their thanks to all those who took !
part in discussing the manuscript, and to G. G. Khomenyuk, for his 1
help in its organization,
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1. Thermal Radio Radiation 16

The Physical Essence of Thermal Radiation and its Laws

The fact that a body, when heated to a high temperature, will radiate
light, has been known since antiquity, Modern instruments, used to ob-
serve radiation, have established that heated bodies, in addition to
light waves, radiate longer, infrarcd, waves, Scientists also have
detected ultraviolet radiation, the wavelength of which is shorter than
that of visible and infrared radiations, from these bodies, And by the
end of the last century the physical nature of thermal radiation had
been elucidated. As is known, any substance, solid, liquid, or gaseous,
has associated with it a great many charged particies, electrons and
positive ions, in addition to electrically ncutral particles. These
particles arce in constant chaotic motion, and their mean velocity is
greater the higher the temperaturc of the substance. The charged particles
constantly collide with each other as they move about, as well as with
neuiral particles. The result of these collisons is to convert some of
their kinetic encrgy into electromagnetic radiation energy. The velocity
of the particles is somewhat reduced thereby,

Thus, the kinetic cnergy of the particles, which is proportional to
the degrec to which the body is heated, is partially converted into
electromagnetic field energy. A very great many of the chaotically
colliding particles take part in the generation of thermal radiation,

A greater number of collisions take place at certain times, a lesser
number at others, The kinetic enerqy also differs at different times
as it is being converted into radiation.

So it is that radiation intensity is changing constantly, but [7
the magnitude and rate of such change cannot be predicted accurately.
The same can he said of the spectral composition of the radiation,
Becausce the frequency of the radiation occurring during the deceleration
of the charged particles depends on their kinctic energy, the magnitude
of which is different for different particles, radiation intensity at a
predctermined frequency (spectral density of the radiation) also will
fluctuate continuously and chaotically.

So it will be seen that thermal radiation differs from artifically
generated raciation in that, first, it covers a very broad band of wave=-
lengths and, sacond, its power and speciral density do not remain con-
stant, but rathor fluctuate continuously, Still, despite the chaotic

nature of the '"bchavior" of individual particles, ithe mean properties

of a very larac nunber of particles can be calculated with a high degree
of accuracy. JTunesce were the methods used to determine the laws of
thermal radiation,

One of the most important laws of thermal radiation is the law
expressing thce relationship between the spectral density of the .radia-
tion and its frequercy, and the temperature of the radiator. This law
can be written by the Planck radiation law
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where

6.62 x 10"3£t Jes, is Planck's constiant;

=
n

3 x 10° km/s, is the speed of propagaticn of electro-
magnetic waves;

0
L}

1.38 x 10'23J'deg, is the Boltzmann constant;

=
Lt}

T in °K is the absolute temperature of the radiator;
f in Hz is the frequency;

R_is the spectral density of the radiation, equal_to the power
radiated at frequency f in a 1 Hz band by 1 m~ of the

i radiator,

¢
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E Figure 1 shows the curves for radiation spectral density as a ZB
4 function of frequency and temperature, As may be seen from these

%» curves, the radiant energy is unevenly distributed over the frequency

spectrum, The spectral density is a maximum at definite frequencies,
( decreasing with increase and decrease in the frequency.
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Figure 1, Spectral dcnsity of an ideal radiator as a function of
frequency and temperature,

The frequency at which the spectral density is a maximum can oe
found from Wien's Jornmula

£ =1.03 x 105T, Milz (2)
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What follows from the figure and Bq., (2) is that the spectral density
maximum occurs in the band of optical and IR waves in the case of
radiators with a temperature higher than ambient, The spectra?! density
is less than the maximum by a factor of a thousand in the centimeter
and millimeter bands,

The spectral density increases with increase in temperature at all
frequencies, and what this means is that the total radiation power also
increases, Summing spectral density on all frequencies, one obtaius a
formula for thermal radiation power over the entire band of electro- Zp
magnetic waves

P = 0'].‘1t W/mz,

where

8

0 =571 x 10° W/mzdegk, is the Stefan constant.,

The summed power of the thermal radiatioi. can be very great, but !
very little of it falls in the r-f region. The ideal radiator with an
area of 1 m2 will radiate power equal to 478 W at ambient temperature.
The maximum spectral density will occur at a wavelength of 9.6 p, The '
L power radiated on wavelengths longer than one mm will be 8 mW in this
case; that is, a little more than one-tlousandth percent of the total
power. The part of the power that can be perceived by a receiver is even |
: less because modern receivers cannot simultaneously receive signals over
h the entire radio engineering band. Some of the power in the example cited ;
that can be perceived by the receiver lies in the limits from 20 pW to !
( 2-3 ny. The percentage of the power falling within the r-f band will |
. decrease with increase in the temperature of the radiator because the !
spectral density in the IR and light wave region increases far and away ]
more rapidly than the power spectral density in the radio cngineering !
i
i
i

band, However, despite the relatively low power of thermal radio
radiation, the latter can be picked up at greater distances than the
more powerful IR and light radiation, thanks to highly sensitive modern
radio receivers, and low attenuation of radio waves in the atmosphere.

L T o T WA AT -

{ It should be pointed out that Eq. (1) is valid only for the ideal

i radiator, the so-called absolute black body (ABB), The spectral density
is lower for all real radiatcrs than for the ABB heated to the same
temperature., Hlowever the following formula can be used to calculate :
the spectral density for a real radiator from the known ABB spectral
density

P Y

R = QRQ, : (")

where

R is the spectral density for a real radiator;

a < 1 is the coefficient of absorption, indicating the percent- /10
age of incident irradiation flux the particular real
radiator absorbs if it irradiates on the same frequency
as that on which the spectral density is determincd,
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Eq. (3) is the mathematical description of Kirchhoff's law estab-
lishing the relationship between the properties of radiation and absorp-
tion; the better the body absorbs radiation on some frequency, the greater
will be the spectral density on the same frequency. Thus, the ideal
radiation, the ABB, also is the ideal absorber,

Special Featurcs of Thermal Radiation in the R-F Region

Thermal Radio Radiation as a Field of Noise Currents.

Let us consider the special Ceatures of thermal radiation in regions
of radio waves (which, for purposes of simplicity we shall refer to simply
as thermal radio radiation in what follows). First of all, we should
point out that there is absolutely no need to use the cumbersome Planck
formula to calculate spectral density in the centimeter and millimeter
bands. In fact, the coefficient of the power of number e [see Eqo. (1)) will
become very small at frequencies in the r-f region, When f = 100,000 MHz
(wavelength 3 mm) and T = 400°, hf,/kT -~ 0,012, for example., Using the
known approximate equality

etez | -x,

which is valid when x € 1, the Planck formula can be readily reduced to
the form

2ﬂ », ([*)
Ro=’—i2— kl‘, . -
where
A is the wavelenglh of the radiation,

We have obtained the Rayleigh-Jeans formula, use of which will result
in a quite accurate evaluation of the spectral density in the centiineter
and millimecter bands for bodies with a temperature higher than 100°K,

As may bhe seen from this formula, the power of thecrmal radio

radiation is dircctly proportional to the radiatur temperature, and '111
inverscly proportional to the square of the wavelength,

Thus, it is more advantageous to use wavelengths in the millimeter
and submillimeter regions than wavcelengths in the centimeter and deci-
meier regions, in which radiation is much weaker, for the passive radar.

Let us now pause to examiue one notable featurc of Eq. (4). The
fact is that the sccond factor on the right side (kT) is equal to the

spectral density of the power of the thermal noise currents in the
pure resistance

G = kT. (5)

This is not coincidental. llovever, hefer  explaining it is
necessary to pause briefly to consider certain properties of the thermal
noisc of pure resistances. This noisc can be generated in any pure

resistance, and its spectral density is constant from very low frequencies
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to frequencies in the millimeter and submillimeter regions. Thermal
noise currents are created in any nonideal conductor, and are the result
of chaotic thermal motion of elementary charged particles. Noise such
as this appcars on PPI scopes in the form of characteristic unordered
flickering points, and is reproduced at the outputs of radio broad-
casting and communication receivers as a uniformly weak noise that can be
heard quite well in the absence of the main transmission.

Thermal noise is generated only by pure resistance. Ideal con-
densers and induction coils do not gencrate noise currents, It is a
known fact that pure resistance is capable of liberating heat when
curreni flows; that is, electrical energy is converted into thermal
energy. This means that inherent in pure resistance should be the

reverse property, the capacity to partially convert thermal energy into
electrical.

But any h-f current creates a ficld of electromagnetic radiation,
At this point we are approaching the explanation of the rescmblance
between Eqs. (4) and (5). It is obvious that thermal radio radiation

is the field of thermal noise currents flowing in the thickness of
the radiation body.

This can even be confirmed by the fact that the factor 2n/l2, on the
right-hand side of the Rayleigh-Jeans formula is equal to the factor in
the formula for the radiation power for the elcmentary antenna, the
length of which can be less than the radiation wavelength

2 2
= 1
Pant kp( ant/k )

wvhere

Pant is the pover radiated by the antenna;

I is the antenna current

5 ikt e Rl e i

kp is the proportionality factor,

o e KE:

A simplificd model of thermal radio radiation therefore can be
presented in the form of the summed radiation for a great many tiny

elementary antennas supplied by the noise currents distributed over
the volume of the radiator,

Since the cause of thermal radio radiation is SHF noise currents,
the intensity of the radiation conscquently should depend on the electrical |
properties of the substance of which the radiator is made, its con-
ductivity, and permittivity, The conduclivity of the substance will, t
to a considerable degrece, determine its absorbing propertics, and, as
has been pointed out above, the better the body absorbs the cnergy of ‘
extrancous radiation, the betier a thermal rudiator it is.

High-quality dielectrics, for example, have very little conductivity,
so their thcrmal radio radiation is slight. Antiradar coatings, which are

8-
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capable of almost completely absorbing UIIF radiation incident upon them,
hava much greater conductivity (at ultrahigh frequencies), so the intensity
of their thermal radio radiation is higher, as compared to all the other
materials, and approaches the intensity of ABB radiation.

But the intensity of the thermal radio radiation depends on some-
thing other than the absorbing properties of the radiator material. Some
of the radiation issuing from the depths of the radiator is reflected
from its swrface, and is once again converted into heat. This reflection
is greater the greater the permittivity of the radiating material,

The magnitude of the reflection will, morceover, depend on the Zg3

angle of incidence of the radiated waves, and on the type of polari-
zation. These relationships can be written mathematically by the

Fresncl formulas
in0--1"¢—cos2u\?
0) == (sm l’e coi—) : . (6)

h
* R (0) == (l_iif'_o.:!.,i—;————_cm:’?_{’)g

p (0)= (- :
sinf - } ¢—cos?b
where

0 is the coefficient of reflection of{ the component of the
radiation with horizontal polarization;

p. 0 isthe same, but for the component with vertical polarization;
€ is the permittivity for the radiator material;

0 is the anqgle of incidence of the radiation.

Figure 2, Reflection from ihe inner surface of a flat radiator,

The intensity of the thermal radio radiation departing the limits
will differ in different dircctions, because c¢f the dependency of the

magnitude of the reflection on the angle of incidence and type of

polarization, and will depend on the type of polarization (Figwre 2),
Accordingly, unique radiation patterns are formed at the radiator, and
are diffcrent for the componcnts of the radiation with vertical and
horizontal polarizations,

As may be scen from Eq. (6), the cocfficient of reflcction-pv(e)

will equal zero at a pradetermined angle of incidence, 8, The whole of
the vertically polarized part of the radiation in this direction there-
fore will leave the radiator, The angle Ov, at which pv(O) = 0, is

-9-
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called the Brewster angle, and its value can be found from the formula
ctg 0=V« (7)

Both coefficients, phe and pve, increase with decrease in the angle of /14

incidence. The coefficients equal unity when the angle of incidence is
zero. The radiation in the direction parallel to the surface of the
radiator therefore will be zero, and there is total internal reflection
(Figure 3).
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Figure 3. Coefficients of reflection as a function of the angle of
incidence.

The dependence of radiation intensity on directions, as described,
is valid for ideally flat radiators. The dependence of the level of
radiation on the direction is smoothed in the case of radiators with
uneven surfaces (Figure 4),

Figure 4. Reflection from the inner surface of a non-flat radiator.

Eq. (6) and Figure 2 are valid only for poorly conducting radiators
with dielectrical properties. Good conducting radiations, metal ones,
for example, have a coefficient of reflection close to unity, so the
intensity of their own thermal radio radiation is very low.

Quantitutive Characteristics of Thermal Radio Radiation ' AL

The spectral density of real bodies depends on two physical prop-
erties; the cocfficient of abrorption, o, and the absolute temperature,
T. Operating with two different properties is not always convenient,

=10-
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particularly when it is necessary to compare different radiating bodies
{targets) with each other. This is why it has comc to be accepted to
use only one magnitude in passive radar, one equal to the product of

( the cocfficient of absorption and the absolute temperature

»
4
9

T = of. (8)
The magnitude T, is called the radio brightness temperature of the particular
radiator. It is equal to the absolute temperzcure of the ideal radiator
generating radiation of the same spectral Jdensity as that of the given
radiator., Although the wavelength does not enter into the expression

for radio brightness temperature, as distinguished from the spectral

density, as a practical matter the radio brightness temperatures of cer-

tain bodies and objecls can depend on the wavelength because of the

i influence the wavelength has on the magnitude of the coefficient of
i : absorption,

A BN A R AR T A R
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It already has been pointed out that objects that are good reflectors
do not generate strong radiation of their own,

_ : Thus, thc radio brightness temperature of metal objects and coatings
] does not exceed 10-20°K, Nevertheless, metal objects can intensively

- : reradiate (reflect) thermal radio radiation incident upon them from
extended (background) sources (the terrestrial surface, clouds). The

sumned spectral density of own and reflected radiation can be written
in the form

4 Rt =‘£; (T + pTi) = %% Ta; (9)

b

= +
Ta oT pTa,
vhere
[ p is the body's reflectivity;

Ti is the radio brightncss temperature of the intensifying radiation;
b ’1‘a is the so-called apparent temperature of the radiator,

Determined similarly o the radio brightness temperature, the /16
apparent temperalure is equal to the absolute temperature of an ideal -
1 radiator creating cigenradiation equal to the summed radiation for the
specified real radiator,

But as distinguished from the radio brightness temperature, the
apparent temperature can be greater than {he radiator's absolute tem-
perature, It is handy to usec the values of the radio brightness and
apparent tLemperatures when comparing different real radiators,

1 Calculation of the magnitude of the povwer radialed by a particular
F object is of great interesi., The power of the thermal radio radiation

=}la




depends on the apparcent temperature and on the area of the object, its
shape, smoothness of the object's surface, and a number of other factors
difficult to take into considecration, However, these factors can be
ignored in the case of objects with a simple configuration., The expres-
sion for radiation power then can be written in the following form

—

P, =24 o], o

r

e A OB,
]
i
]
i
H
1

3 vhere i

St is the target area;

Af is the frequency band in which the radiated power is being evaluated.

Everything thus far discussed has concerned the energy character-
istics of radiation; brightness temperature, apparert temperature, power.
But knowledge of just these characteristics is not enough to evaluate
the potentials for detecting thermal radio radiation. What still must
be known in order to do so is required "antenna patterns" for the thermal
radio radiators, and required antenna polarization to receive the radiation. :

As distinguished from the patterns for radar reradiation, which, for
the majority of targets, have a jagged lobed structure, the patterns of
thermal radio radiation are much more uniform. This is quite under-
standable because the radiation from the target is made up of radiations

3 from individual sections thal have ahsolutely no dependence on each other,
: There can be no nulls in the patterns of own thermal radio radiation, in
principle, and it can be taken as a first approximation that the radio
brightness temperature of targets with uncomplicated shapes made of Z??
a homogeneous material does not depand on the bearing. This is the

fact of the matter in the case of area ("background") radiatoi's with
unevennesscs of surface that are small compared to the wave:ength ("rough"
radiators), If the surface of the radiator is absolutely smooth. or if the
height of the unevenness is very much greater than the waveleng.:, the
radiation factor, and the magnitudes of the radio brightness and apparent
temperatures as well, will depend on the bearing on which the reflector
"is viewed" by the passive radar [see Eq. (6)1].

Thermal radio cadiation from natural and artiiicial objects. Real
thermal radio radiators (artificial and natura.) often have properties
that differ greatly from those of the ideal radiator, the ABB, The
apparent tcmperature of real radiators therefore can change w1th change

* in wavelength and type of pcl-rization,

Moreover, the apparent temperature of objects also can depend on
the bearing on which such objects are observed, Finally, the time of
day, time of year, and melcorological conditions, particularly the
degree of moisture of the surface of the object, will have an influence
on the magnitude of the apparent temperature,

Metal objects arc very poor radiators, so their epparent temper-

atures will, in the main, be determined by the Lrightness temperature
of the intensifying background, Figure 5 shows the curves for the

-12- ; i
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apparent temperature of a metal plate as ~ function of the angle at

which the plate is observed. The curves were constructed from results

of experimental study conducted in the 4 mm band., As may be seen from

the curves, the radio brightness temperature of the metal plate is no

more than 10-18°K over the entire band of angles of observation, with the
polished surface radiating more weakly than the unpolished. Nor is there
any increase in the apparent temperature when a thin coat of paint is
applied to the plate, The curves in Figure 5 lead to the conclusion that

a metal plate is a unique "mirror" in which a "hotter" sky can be ZQB

reflected. Experimental data cited in foreign literature suggest that
the apparent temperaturc of metal objects at ground level is very much
lower on a wavelength ol 8 mm than in the 4 mm band, and does not exceced
50°K. This can be explained by the lower radio brightness temperature

of the sky in the 8 mm band., For this reason, the apparent temperature
of metal ground objects will be even lower in the centimecter band. We
should point out that the apparent temperature of metal objects has
virtually no dependence on their physical temperature, so there is no

way for passive radars to distinguish heated metal objects from cold ones,
something that can be doue with IR equipment, for example,

Y

70 20 30 40 £7 60 70 80 @

Figure 5. Apparent temperature of a metal plate as a finction of
sighting angle (wavelength & mm). 1 - unpolished metal;
2 - polished metal; 3 - sky.

The apparent temperatures of huildings, and various artificial
structures made of nonnetallic building materials, are considerabl,
highe> (230 to 250°K). The majority of these materials are dielectrics
with high losses, so their radiation factor is comparatively great. 199
Other countrices also are studying radiation from asphalt and concrete
coatings, the presence of which is a characteristic feature of many
military, industrial, and transportation obhjects (roads, runways,
missile positions, and the like). These coatings are flat, relatively
smooth surfaces, so their apparent temperature is greatly dependent on
the angle of observation. Figure 6a shows curves of apparent temperature
of asphalt as a funcltion of the angle of observation, 6, on different
wavelengths, As may be scen from these curves, the apparent temper- 20
ature of asphalt can take values from 100° to 300°K, The apparent -
temperature of concrete can vary in the limits 260°-290°K,
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Apparent temperaturcs of asphalt, a water surface, and a
grassy cover as a function of the sighting angle and wave-
length. (a) asphali: 1 - A=0.% on, vertical polarization;

2 = A=0.4 cm, horizontal polarization; 2a - same, wet asphalt;
3 - A=3.2 cm, horizontal polarization; 4 - A=3.2 cm, vertical
polarization; . - A=0.8 cm, horizontal polarization; ° - A=0.8
cm, vertical polarization; --- theory; ___ experiment;
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(b) water, vertical polarizationj 1 - wavelength 15-20 cm;

2 - smooth surface, horizontal polarization; 3 - wavelengths
5~10 cm; 4 -~ wavelengths 15-20 cmj; 5 - smooth surface;

(c) grassy cover, wavelength 4 mm; 1 - horizontal polarization;
2 -~ vertical polarization; 3 - vertical rolarization (forest);

4 - horizontal polarization,‘wavelength 3.2 cm3 5 -~ vertical
polarization, wavelength 3.2 cmj; ° - vertical polarization,
wavelength 0.8 cm; . - horizontal polarization, wavelength
0.8 cn; ____ experiment; ---theory.

An important condition, and one needed to detect an object from its
thermal radio radiation, is a difference between the apparent temperature
o1 the objzct and the apparent temperature of the surface, of the back-
ground against which that object is located. This is why research in the 2
thermal radio radiation of typical backgrounds of ground and water sur- %
faces, the atmosphere, clouds, and the different types of atmospheric
precipitation has been, and is being conducted, It has been established, !
moreover, that the apparent temperature of different sections of the ! |
earth's surface are very little dependent on wavelength and type of
polarization, Curves of apparent temperature of grassy covers, forests, :
and agricultural crops as a function of the wavelength, and of the Z?l
angle of observation, are drawn in Figure 6¢c. As may be seen from these
curves, the apparent temperature of sections of the earth's surface over-
grown by forests, by crops, and by grass is not too different, Thus,
forests and grassy covers will radiatc in the centimeter and millimeter
bands in elmost the same way as will the ideal radiator, the absolute
black body. Radiation from surface radiators is quite heavily dependent
on how wet their surfaces are, The apparent temperature of asphalt and
concrete coatings in rainy weather will increase by 3° to 7°, for example,
Since the physical temperature of the earth's surface changes with change
in time of year, and over any 24 hour period, so too will the apparent
temperature of the terrestrial surface change., The maximum apparent
temperature of a winter forest in the 10 cm band, for example, will change
as the day wears on, from 227° (0700 hours) to 243° (1600 hours)., The
appareni temperature of water surfaces (rivers, lakes, seas) is heavily
dependent on the angle of observation, type of polarization, and surface
conditions, Figure 6b shows curves of the apparent temperature of lake

(fresh) water as a function of the angle of observation and type of
polarization,

Surface waves will help increase the water's apparent tcmperature
because the foamy tops of the crests have a higher radiation factor than
the water proper, Interestingly enough, the apparent temperature of ice
is several tens of degrees higher thanthe water itemperature, This can be
explained by the high radiation factor for ice.

Absorbent coatings can be used to mask metal objects from detection
by radar, as we know, But, as should be obvious, these coatings will

not mask thermal radio radiation because they themselves are good thermal
radio radiators, .

Rocket cugine tails are powerful sources of thermal radio radiation,
The high temperature gencrated by a burning rocket engine will cause
intensive ionization of the molecules of the gases that form. The free
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electrons that form during ionization cause a sharr increase in the
electrical conductivity of the gases. The tail thus can be considered

a conducting body with heavy electrical losses, and as a result the lZ?Z
tail absorption factor is quite high (0.5~0.7) in the centimecter and
millimeter bands, The tail temperature reaches 3,000° to 4,000°K. So

it is obvious that the tail radio brightness temperature is 1,500°-

2,800°K; that is, higher than that of ground objects by a factor of

10, roughly speaking [4].

Electron density drops rapidly with decrease in ambient air pressure,
and the absorption factor decreases as a result. The absorption factor
also can decrcasc with shortening of the wavelength, And the tail radio
brightness temperature will change in proportion to the absorption factor,

o, dB
9 .v3_. 160 MM, Hg

P:= J0mm

Hg
05t

0,2

4 A

2 3 § 10 20 30f, GHz

Figure 7. Rocket engine tail absorption factor as a function of
frequency and atmospheric pressurc,

Figure 7 shows the absorption factor as a function of flight altitude
and wavelength, Soviet scientists A, Ye, Basharinov and V. M. Polyakov
have made a significant contiribution to research in the thermal radio
radiation taking place when different fuels are burned. They have shown
that radiation from the flames of burning fuel occurs as a result of
the ionization of the gases, of the products of combustion, as well Z?}
as because there are a great many particles of unburned fuel in the
flame, Each such particle is a thermal radio radiator,

Sizes of radiating particles can differ, from thousandths to tenths

‘of a millimeter, Radiation on wavelengths that are approximately the

same will be the most intense; the particles are in resonance, as it

weree In this case, thercfore, the apparent tempcrature will increase
with shortening of the wavelength,

Figure 8 shows the curves for the radiation factor for the. flame
of burning solid fuel as a function of the wavelength, plotted from
experimental data obtained by A, Ye. Basharinov and V, M, Polyakov,
Note that the most intense radiation from the 1lame is in the milli-
meter band,
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Figure 8. Relationships: (a) apparent temperature as a function of
the frequency; (b) flame radiation factor as a function of
the wavelength,

Intense thermal radio radiation is created by plasma forming during
the flight of different objects in the atmosphere at speeds several times
in excess of the speed of sound, The surface of the body, as well as
the contiguous air layer, are heated to several thousand degrces and the
air in the layer containing the particles of the evaporating skin of the
body is almost completely ionizeds And as we alrcady know, a heated /2k

— 2

and highly ionized gas is a good thermal radio radiator, ;

e st i 2

The radio brightness temperature of plasma can reach several tens
of thousands of degrees. Its magnitude will depend in quitec a complex
fashion on temperature, pressure, and chenical composition of the skin,
density of the ambient air, and on a number of other factors., Figure 8a
shows a curve for radio brightness temperature of a 4 cm thick plasma
layer with a physical temperature of 5,000°K as a function of frequency [4].

T R T P

It is the opinion of American experts that approximately this sort
of plasma layer is what forms around the heads of rockets sent up to

great heights in the dense layers of the atmosphere. The unigue shape
of the curve draws one's attention as it drops sharply from some
frequency, fa. This phenomenon can be explained by the strong d¢pendence |

of the conductivity and the permittivity of the plasma on: the frequency.
Plasma conductivity is very high at frequencies below fa’ but decreases

with increase in frequency. The wavy nature of the curve can be explained

.by the repeated reflection of radiation inside the plasma layer. The

critical fa will depend primarily on the spatial density of the elecirons
(the number of clectrons/cm3 of plasma) in aceccrdance with the formula

£, © 0.,009{n , Mz, (n)

Density of electrons in the plasma in turn will depend on flight
speed and altitude, and particularly on the chemical composition of the
body's skin.

So-called betatron radiation is added to the plasma's thermal
radiation when a magnetic field acts on the plasma, Physically, this
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radiation is associated with the curvature of the trajectories of the
electrons in the magnetic field. Curvature of the trajectory causes
lateral (centripetal) acceleration, and the charged particles radiate
electromagnetic energy as they are accelcrated and retarded.

Betatron radiation takes place on a single frequency that depends
solely on the magnetic ficld intensity

f = 2,81, Mgz, (12)

where
I is the magnetic field intensity, oersteds,

Betatron radiation will take place in the centimeter band when /25
the magnetic field intensity is in the thousands of oersteds, and in -
the millimeter band when in the tens of thousands of oersteds. Beta-
tron radiation is not, strictly speaking, thermal radio radiation because
it is notassociated with thermal noise currents and can occur when elec-
tron streams, howcver created, are magnetized, Belatron radiation from
pblasma, however, occurs because of the plasma's thermal energy, gharacteristic
as well of conventional thermal radio radiation.

Radio radiation from the atmosphore, Sun and Mwon. The water vapor
and oxygen always present in the earth's atmosphere is what creates the
major part of the thermal radio radiation in that atw.usphere. Clouds and
precipitation are sources of very intense thermal radio radiation in the
millimc.er band, The radio brightness temperature of the sky depends on
the angle of observation. The closer to the horizon one tilts the line of
sight, the thicker the layer of atmosphere this line will penetrate. The
maximum ra:io brightness temperature clearly will be found at the zenith,
the minimum near the horizon., Figure 9 shows curves for the radio bright-
ness temperature of the atmosphere as a function of the angle of obser-
vation and the frequency. As may be scen, the maximum is at 2.4 GHz, which
correspond to resonance atsorption in waler vapors, The sky's radio
brightness temperature decreases with inercasc in altitude because the

atmosphere's absorption factor is greater the greater the atmospheric
density,.

Rain has the highest thermal radio radiation of all the metcoro-
logical precipitations. The heavier the rain, the higher its rodio
brightness temperaturc, IFigurc 10 shows curves for radio brighturss )
temperature of rain areas as a function of wavelength aud rain intensity.
Note that the rain area radio Lrightness temperaturc is very much higker
in the millimeter band than in the centimcter band., More detailed
information on atmospheric and precipitation radio radiation can be found
in L. T. Tuchkov's book Natural Nojsc Radio Radiations in Radio Channcel s,

Radiation from the slky includes cosmic radio radiation, as well &s
radiation from the atmosphere, Radio astronomers sie concerncd with
cosii ¢ radiation study, but radiation crcated by the Sun, the Moon, and

certain of the plancts and stars, is of interest from the point of view
of passive radar usc,
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Figure 9, Apparent temperature of the atmosphere as a function of the Z?G
angle of observation and the frequency. Values of angles:
1l -0°; 2~5° 3 «10% 4 ~ 30°; 5~ 90°,

AN

1

Figure 10, Apparent temperature of the atmosphere as a function of the Z??
wavelenglh and intensity of precipitation,

1 Rauio radiation from the Sun and Moon has been clucidated in much 4
special litcrature, so we hcre will simply present the apparent vemper- 1
ature of the Sun and planets as a function of the frequency (Figure 11),
Note that the most powerful source of radio radiation is the Sun, the
radio brightness temperature of which is 7000°-8000°K in the millimeter
band, and 30000°-6G0000° in the centimeter band.  The upper curve for
solar radio radiation corresponds to the years of maximum solar activity,
the lower to the "quiet" sun,
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Radio radiation is created far out in space, but this radiation is Z?B 3

so slight in the centimeter and millimeter bands that there is no need
to consider it here,

T

In concluding this chapter, we shouvid point out that thermal radio
radiation is certainly not the only form of natural electromagnetic
radiation suitable for passive radar purposes, We have already con-
sidered, for example, the betatron radiation from plasma, which certainly
F- : cannot be included with '"pure" thermal radio radiation, Nor are other
f { forms of natural electromagnetic radiation, including radiation occurring
during static dischargcs of atmospheric electricity, and spark formation
at current carrying contacts, considered to be thermal radio radiation,

L

Y

It is entirely possible that other forms of natural electromagnetic
radiation suitable for use in passive radar work will be discovered.
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2. Reception of Thermal Radio Radiation 1?9

P

Thermal Radio Signals. Signal Characteristics.

If an antenna is placed in a thermal radio radiation field, a
noiselike voltage will appear at its terminals, It is not entirely

: correct to call this voltage a thermal radio signal because its fre-
quency spectrum is very much wider than the bandwidths of modern
receivers,

| ! A receiver connected to the antenna in this particular case will

1 reproduce what is a comparatively small region of the input voltage

é spectrum, We shall refer to that part of the input voltage that corres-
ponds to this region as the thermal radio signal in what follows,

This definition makes it apparent that the characteristics of the

thermal radio signal, as distinguished from radar signals, will depend on
receiver characteristics,

A
E
E
E
&

Thus, the power of the thermal radio signal is directly proportional
to the width of the receiver's bandwidth at high (or intermediate) fre-
quency, This is precisely why efforts arc made to use receivers in
passive radars that have very wide bandwidths, those in the hundreds,
thousands, and even tens of thousands of megahcrtz. The power of thermal
radio signals then can be amplified and can, in some cases, be as high as

9 10"10 We A signal of this strenqgth is characteristic of passive radars

3 used to scun the terrestrial surface, for example, Let us, for purposes

: of comparison, recall that the strength of signals incoming to foreign

E long-range radars used to detect air and space objecits often is a maximum Z}O
. of 10-20 W. Special highly-sensitive receivers capable of detecting very

: weak signals now have been developed for passive radar sets [11].
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It often is convenient to express signal intensity in units of
spectral density, rather than in units of power, when making calcul-
ations, This evaluation is morc objective because, as distinguished
from the powver, the speciral density does not depend on receiver band-
width, 7The spectral density of thermal radio signals is expressed in

temperature units, as in the casc of calculations of radiation spectral
density,

Spectral density and signal power arc asso~iated by the following
relationships

s 8
TS &= Ps/kAf.

The magnitude kTs is the signal power spectral density, Ts is called

the signal tewperaturc, It is taken to be cqual to the physical temper-
ature of the pure resistance creating a noise voltage with a spectral

g oy e e ey Sy



o

density equal to the spectral density of the power for the given signal.
The term "antenna temperature" often is used in this context. But here
what is meant is the temperature of the signal right at the antenna out-
put., DBut what must be emphasized is that the spectral density of some
thermal radio signals depends on frequency, and this is different from
the noises generated by pure resistances. The temperature of signals
from small objects will increase with increase in frequency, for example.
This phenomenon can be used to sel:ct signals and to identify their
sources. The width of the band of frequencies covered by the signal is a

very important signal characteristic because signal power, as well as the
accuracy with which the time of arrival of signals at multichannel passive
radar systems is measured, depend on this width,

The length of thermal radio signals depends on the time the target
remains within the main lobe of the antenna pattern, Signal length can
vary from units of a millisecond to several minutes, depending on the
scanning mode and the nature of the target. Signal energy is propor- 131
tional to signal length, so the possibility that the signal will be
detected improves with increase in signal length, as does ihe accuracy
with which signal amplitude can be measured.

An increcasc in the signal length will increase the accuracy with
which the Doppler shift in signal frequency can be measured in two-
channel passive radars,

Special features of the reception of thermal radio signals. Radio-
meter opcrating principles. As we know, the chief difficulty in the
reception of weak signals results from the neced to separate them from
the background of receiver noises generated in the first stages of the
receiver, Receiver noise in communication and radar receivers is reduced
by using frequency selection and time gating, so that the signal power
at the output of the receiver's h-f section will be well above uoise
power., But neither of these can be used to receive thermal radio signals
because the signals themselves are similar tc noise in nature. This is
why thermal radio signal receivers are designed to be accurate noise
level measurers, and hence such receivers have come to bc called radio-
meters,

The simplest radiomcter (Figure 12) consists of a high-frequency
amplifier (HFA), a detector, and a low-pass ripple filter (LIF); that is,
it is a conventional direcli amplification receiver, The HFA is needed to
weaken the influcnce of deteclor noise, as well as noise generated in
succeeding stages, so its own noise should be low, Efforts should be
made to make the lIFA bandwidih as wide as possible in order to increase
the power of the thermal radio signal. The wuplifier tharmal radio
signal is fed from the output of the HFA into the squarec-law detector,
The dectector's output voltage has a coustant ccuponent, but it al=o has
an intense noise component that "masks" the sepcrated useful signal, The
LPF which, in its simplest form, is an integrati..g RC-filter, suppresses
this noisec. ' zpa
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Figure 12. Functional diagram cf the simplest radiomcter.

The main feature of the simplest radiometer is its capacity to re-
liably rcceive signals, the power of which is very much lower than the
power of own noise. This capacity depends on a combination of a broad
h-f bandpass and a narrow bandpass for the LPF instialled after the
detector. This combination is characteristic of the majority of modern
radiometers.

Let us consider the passage of signal and noise through the stages
of the simplest radiomecter. The power of signal and noise at the radio-
meter input will be

P = KT Af;
s s

= kT Af = k(N - 1)T Af,
n n 8

where
Th = (N - l)ﬂ; is the HFA noise temperature;
Ts = 300°K is the standard temperature;

N is the HFA noise factor.
The signal/noise power ratio at the radiometer input, Unt vill egual
aQ;, = P/P = T/T. (13)

One can be readily persuaded that the signal/noise power ratio (let us,
for brevity's sake, simply call this the s/n ratio) will not change after
h=-f amplification

9pa = PKipa” Pk = T/T, = 9y, (14)

What this means, from a physical standpoint, is that the HFA amplifies

‘internal noisec and noise~like signals identically. Even when HFFA with

low noisc levels are used their noise as a rule is considerably greater

than the signal teuwperature, so that the s/n ratio is less than unity at

the detector input. But the noisc signal is suppressed in the detector, /33
and the ratio of th. power of the detected signa)l (the constant compo-

nent) to the power . © the noise at the detcctor output will equal

2

= 2 _ Y
U~ NYywpa © Yy ~ (Ts’Tn) ' (15)
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Now let us turn our attention to the fact that while the noise at
the detector output retains its broadband nature, its spectrum will now
be part of the 1-f region (Figure 13),

Constant
component

h=f noise
1-f noise : gza?
///1‘
‘F S 2 v
‘ffo | f

Figure 13, Influence of h-f and l-f passband widths on noise level
at the radiometer output.

Actually, the h-f noise prior to detection can be considered the
result of modulation of the carrier by the l-f noise with a spectrum in
the limits O - Af. The result of the detection is the separation of
this "modulating" noise., The LPF, which has a passband AF, considerably
less than the Af for the HFA, will only pass a small part of this noise,
but will not interfere with the passage of the useful constant component,
As may be seen from the figure, the noise power at the LPF output is
less than the noise power at the LPF input by a factor Af/AF. Accord-
ingly, the output s/n ratio will equal

a., = 9y (AT/8F) 2 (T /1 )% (a1/0F) = q_ 2(at/AF).  (16)
n in

out
The A{/AF ratio in modern radiometers is 107 to 109, so a large s/n out-

put ratio is obtained for an input s/n ratio of less than unity. Let /34
us look at a practical example. Let T =1°, T = 100°, Af = 100 Miz,
and AF = 1 Hz. Eqg. (16) will yield qoit = 10,080. But an infin: te

increase in the output s/n ratio because of compression of the LPF pass-

band is impossible because of the limited length of the thermal radio

signal, As we know, the result of the detection of a signal such as

this is the formation of a d-c pulse, the spectrum of which covers the

band of frequencies from O to I, the width of which is invcersely pro-
portional to the signal length =

AFS = FS - l/tso

Reducing the LPF passband to a magnitude less than AFB will result in
suppressing the signal along with the noisej; that is, there will be no
increase in the s/n ratio. So the maximum attainable s/n ratio will be
equal to .

. ~ Y
4, = (/)80 (17)

We should point out that the formula is valid only for an idealized
simplest radiometer in which there is no signal loss in the =section from
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the antenna output to the receiver input, where the frequency curve for
the HFA is rectangular, the detector is square-law, and the LPF is ideally
matched to the length and shape of the incoming signal envelope. This

( : is why the output s/n ratio is less than in the case of the idealized

radiometer by a factor of from 5 to 50, given the same T , T , Af, and
ts values, . £

2 BRI

The principal technical characteristic of any radiometer is sensi- -
tivity, that is, the capacity of the radiometer to reccive weak thermal .
radio signals, The sensitivity of a radiometer is numerically equal to
; the temperature of a signal at the radiometer input that will yield a
s/n ratio of 1 at the output. The formula for the sensitivity of the
g simplest radiometer is readily obtained from Eq. (16) by equating its
right-hand side to unity #

5T = Tn/,IAfts. (18)

The less sensitivity 8T, the more sensitive the radiometer. The /35
sensitivity of the radiometer cited in the above example is 0.01°,

SRRV R

L s

This definition of sensitivity is provided in order to simplify
its practical measurement., Sensitivity is equal to the root-mean-square
of random oscillations of the needle of the output meter (or recorder),
expressed in temperature units. Therefore, the sensitivity can be
approximated, even "by eye;" once a certain skill has been acquired.
Sensitivity often is converted to signal length, equal to 1 sec, for :
convenience in comparing different radiometers. Sensitivity obtained in :
this manner is called normalized,

Passive radar techniques often require that a comparison be made
between two, or several, thermal radio signals. Additional infoimation,
such as target movement and target angular coordinates, something that is
impossible when the simplest radiometer is used, can be obtained from
the signals, Radiometers designed for the combined reception of two
thermal radio signals are called correlation radiometers (Figure lha).
As may be seen from the figure, the principal differcnce between the
correlation radiometer and the simplest radiometer is the presence of
two HIFA and signal multipliers, rather than a square-law detector. The
correlation radiomecter functions in the same manner as the simplest
radiometer if the identical thermal radio signal is supplicd to the HFA
input because the multiplication of two identical signals is the equi-
.valent of square-law detecction of either of the signals, DBut if one of
the input signals lags the other, the output voltage will be reduced and
will equal zero when the relative delay in the signals, td’ is equal to

onc-fourth of the period of the signal's mean frequency. The output
voltage will change sign with further increase in the delay, and will
increase right up to the time when t, is equal to one-half the period

of the mean frequency. It then will decrease, pass through zero, become
positive, and so on, In other words, ihe output voltage will periodically
become positive and negative with continuous change in td. This type of

change in the voliage can be explained by the fact that the multiplication
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curcuit is, in essence, a phase detector, and the difference in the 1?6
signal phases is proportional to their time delay.

Input
1 HFA 1
. : - 1
hu}tl- 1 1pF
Input plier J
2&_— HFA 2 |——0J
a
Uout

.1 .
LA t

Figure 14, Correlation radiometer. (a) - block diagram. (b) - output
voltage as a function of delay time,

Figure 14b is the output voltage as a function of t Noteworthy

d . The

output voltage, or more exactly, its constant component, will equal zero
vhen t = 1/Af. 7This is related to the noise-like nature of the input

d.
is the fact that the maxima decr:case sieadily with increase in t

signal, Its fruquency changes continuously and randomly, so the segments
of the signal over the interval longer than 1/Af will have a distinguish-
ing frequency, while signals with different frequencies cauanot develop
d-c at the phase detector output.

£ = f(td), shown as

a curve in Figure l4b, is none other than the autocorrelation function of
the signal, an important characteristic. The interval t, < 1/Af, which

We should point out, in passing, that the formula Uou

corresponds to the decay in the autocorrelation function to a predeter-

mined very small value, is called the correlation inverval, What follows
from the foregoing is that the correlation radiometer will not record 137
identical signals shifted in time longer than t . Nor will thermal

radio signals incoming simultancously from différent sources be recorded

. because their instantanecous frequencies change according to different

laws,

line Multi-

'plier

— HFA 2 |——

—~1 LPF

Figure 15. Mcasurement of relntive signal lag time.
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A delay line with variable delay time (Figure 15) can be used to
measure the relative signal lag time for signals arriving at radiomecter
inputs 1 and 2, Signal delay time in the line changes until the radio-

(m meter output voltage is a maximum, whereupon the signal delay time in the
line will be equal to the relative signal lag time,

Signal frequency shift also can be measured by the correlation radio-

meter. The need for so doing could arise, for example, when thermal

i radio signals from moving targets are received by antennas., The signals

: at the outputs of the antennas have different Doppler shifts, and this

difference in shifts, characterizing target speced and range, can be

: measured by a correlation radiometer. In this case the LIF at the radio-
meter output is replaced by l-f bandpass filters, the passbands of which

cover the possible region of changes in the different Doppler shift,

{ The formulas used for the simplest radiometer can be used to approxi-

: mate the s/n ratio, and the sensitivity of the correlation radiometer.

: However, consideration must be given to the fact that noise power in the
correlation radiometer is twice what it is in the simplest radiometer.
Therefore, the output s/n ratio is less by a factor of 4, and the sensi- 198
tivity is lower by a factor of 2, as compared to the simplest radio-

meter when the correlation radiometer is used in the single~channel mode.

Functional diagrams of modern radiometers. The simplest radiometer
has two major shortcomings. First of all, a voltage proportional to the
% ; temperalure of own noise will appear across the radiometer output when
4 there is no signal. And because this temperature can be many times higher
than the signal temperature, detection, and particularly measurement, of
signal temperature is very difficult,

Second, and even more serious, is the fact that the constant com-
ponent of the detected own noise voltage is modulated by these changes
because of the slow random .nanges (drift) in the gain in the h-f stages.
The additional random noise has a spectrum concentrated in the region of
very low frequencies, and therefore passes through the l-f filter unim-
peded. This noise cannot be reduced, even if the h-f passband is expanded,
! The first of these shortcomings can be overcome by introducing bias
voltage into the radiometer's output circuit that is equal in magnitude,
and opposite in sign, to the voltage generated by the rectified own noise.
The voltages will cancel each other, and the output meter will rcad zero,
3 " if there is no signai. The simplest radiometer thus modified is called
4 a compensated radiometer,

The compensated radiometer, because of its simplicity, has enjoyed
some use, but like the simplest radiometer, is subject to the influence
3 of drift in gain, It iswry difficult to overcome this influence because
even the slightest flucluation in gain will result in a sharp deterior-
ation in sensitivity. For exauple, even a 0.1% fluctuation in the gain
will cause the output meter needle to deflect as if a 1° signal were
present at a noisc temperature of 1000°K and the radiometer scnsitivity
is unacceplably reduced as a result.
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Development of receivers with superstable gain is a serious technical /39
task., Morecover, such receivers are complicated and expensive, It is
ﬂ particularly difficult to ensure high gain stability when the radiomcter
i - SN is installed in aircraft and rockets where mechanical vibration will effect
f the gain, and so too will random fluctuations in the voltage of the
installed power supplies. It would, therefore, be highly desirable to
H ¢ modify radiometer circuitry to avoid "confusing" the signal by surges when
: H gain fluctuations occur. Therec are two ways this can be done, One is to
; ""color" the signal arriving at thc receiver input., The other is to use
multichamel receivers. Let us consider the first of these.
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Random changes in gain have one very characteristic property; they
are very slow, as a rule. Therefore, if the signal is modulated by a
sufficiently high frequency before it reaches the receiver input, the
signal will be separated at the receiver output almost uncluttered by
fluctuations in the gain., Hereir is the operating principle of the
modulated radiometer, one of the most widely used types today (Figure 16),

As may be seen from the figure, a narrow-band LFA, tuned to tlic modu-
lation frequency, is installed in the receiver detector output. The LFA
amplifies the modulated signal and heavily suppresses the interference
caused by fluctuations in the gain because its spectrum does not coincide
with the LFA passband. The synchronous detector, in combination with the
1-f filter, too has a selective effect with respect to the signal, and
this eliminates the modulation from the signal,

Thus, if the modulation occurs at a sufficiently high frequency,
the modulated radiometer, as distinguished from the simplest and com-
pensated lypes, will not be subject to the harmful influence of fluctua-
tions in receiver gain,

The modulated radiometer does have certain drawbacks, however, Its
sensitivity is not as high as that of the simplest and compensated
radiometers because part of the signal energy is expended during modu-
lation, It has been decmonstrated, at least thcoretically, that what
is needed in order to obtain the grcatest sensitivity is a meander to /40
modulate the signal; that is rectangular pulses with the same duty ratio,

At the samc time, half the signal energy will be lost in the modulator, Zﬂl
so ilhe sensitivity of the modulated radiometer will equal

ATm - 21\n 1/ AfT ) = 2AT, (19)

that is, it will be lower than that ol the simplest radiomecter by a
factor of 2,

Like the simplest radiometer, the modulated radiometer does not
read zero wvhen there is no signal., This can be explained by the special
features of modulator opcration., The fact is that when the modulater is
in the cutoff state, that is, the signal is completely absorbed, it will
generate noise with a temperaturc cqual to its physical temperature,
Thus, the mcter at the radiometer output will read the toamperature dif-
ference Tm - Ts, where Th is the physical temperature of the modulator,

rather than the signal temperature, This drawback can be climinated by
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f Figure 16. Functional diagram of modulated radiometer and voltage curves,
i replacing the modulator with a switch that alternately connects the
receiver input with the antenna output and with a noiseless ("cold")
load. The load used in this case is a resistor cooled to a low temperature,
or a small horn antenna pointed at a weakly radiatirg background,
HFA Detector Selective Mod. freq. Synch,
I LFA ~ 7 filter _”%ftector_]
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Figure 17, Functional schematic diagram of a two-cycle modulated
radioneter,

Fven more modern is the two-cycle modulated radiometer (Figure 17),
As may be seen from the figure, the input switch continuously connects
the antenna to the inputs of two receiving channels. The input signal Lﬁﬁ
now can be converted into two sequences of rectangular h-f pulses. each
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of which is amplified and detected in one of the reception channels. The
summing of the detected and amplified pulses takes place in a two-cycle
synchronous detector and a voltage that is proportional to the signal
temperature is forued at the output,

P

The sensitivity of the two-cycle modulated radiometer is greater
than that of the single-cycle because the input signal energy is fully ]
utilized. But because the power of the internal noise too is increased ]
(because of the noise from the additional reception channel) the sensi-
i tivity still is lower than that of the simplest radiometer, and is equal

# to
: ar, = | 2. (20)

] An additional advantage of the two-cycle modulated radiomecter is
increased reliability. Operalion still is possible in the conventional
modulated radiometer mode in the event of faijure of ecither of the
channels, We should point out still another feature inherent in all

the different types of modulated radiometers, and that is the need 1or

a very careful match throughout the h-f tract. A poor match will result
in the voltage generated by external recciver noise leaking to the antenna
_ and being partially reflected by the antcnna, ouly to once again appear

L at the receiver input via the modulutor, or switch. Thus, some of the
internal noise voltage will be modulated and separated at the output along
with the useful signal, Clearly then, therc will be a partial loss of

the advantage gained by using the modulated rceception principle. The
requirement for a careful match leads to a more complicated, and more

1 expensive, radiometer, This is why modulated radiometers sometimes are
designed with a simplified circuit that modulates the detectced signal
(Figurn 18), Fluctuations in the LFA gain are effectively eliminated

1 in this radiomete:, something that is very important because LFA radio-
mecters, as distinguished from LFA rececivers of all other types have very
high gains with a magnitude that is wry difficult to stabilizc.
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E Figure 18, Radiometer with post-detector modulation.
3
Overall, the modulated radiometer can be characterized as a com-

paratively simple and reliable instrument that can be used to rceceive 'ZﬁB
thermal radio signals in all cases when therc is no reqt .rement for
very accurate mcasurcment of the temperature of incoming signals,

However, thc modulated method is not the only one that can bLe used
to cope with the harmful influcnce of gain fluctuations,

It i~ possible to use a variely of multichammel circuits, the most
widely used of which is that of the corrciation radiometer described
above,




The correlation-modulated radiometer (Figure 19) is a unique hybrid
of the correlation and modulated radiomsters. A sum-difference bridge is
conmected across the input of the correlation-modulated radiometer, and
the sum and difference of the input signals is picked off the two bridge
outputs, Voltages proportional to thie magnitudes (u1 + “2) and (u1 - uz)
are supplicd to the inputs of the detectors. After square-law detection,

the maximum values of the rectified voltages are proportional respectively
to 2 2 2 2 2 2 .

(ul + u2) =uy +uy 4 2“1“2’ (u1 - uz) = u) +u, - 2uu,. Readily [hb
secen is the fact that the difference in these voltages is equal to

2 2
(ul + uz) - (ul = uz) = l*"]"g‘

2

e

e WFA - Detector C(Ul +UL)

2

(+)

Sum- '
U, — ]
v difference Computer —;Cl 1”2
2 bridge

e 1
e HFA ————5- Detector o :
.

UI—U2 C(LI-UZ)

U1+U2
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Figure 19, Functional diagram of a correlation-modulated radiometer,

Accurate measurement of signal iemnperatures, Null radiometers. There
are times when measurements of the temperatures of thermal radic signals
must be highly accurate. This would be the case, for example, when geo-
physical, and other, measurements are taken from thermal radio maps of a
locality. 1n this case, just as in the case of other highly accurate

radio enginecring measurements, resort is had to the comparison method
(Figure 20a),

Radiometer = sw:'.lzih T i —> Detector —>—Selcctive
LFA

Mod, volt Synckironous

Attcenuator-e Noise generator bat detector
generator
Attenuator Noise d-c LPF ——
a control ""gencrator amplifier
L ——-

b

Figurc 20. Functional diagrams of (a) a null radiometer and of (b) a null
modulated radiometer.

Signal temperature is measured by periodically changing the position
of the switch from I to II, and vice versa, and at the same time adjusting
the position of the attenuator knob sc that the meter reading remains the
same during the switching. The use of a wodulated radiometer is convenient
in this arrangement because there is no need for manual switching and the
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possibility of complete automation of the wecasurer is established (Figure
20b), As may be scen from thec diagram, th. radiomecter's output voltage,
proportional to the temperaturc difference, is anplificd and supplied to

the coutrol attenuator., The simplest such attenuator consists of an
electric motor and a conventional attenuator, The motor turns the shaft

of the attenuator through reduction gearing, reducing thc mismatch between
the temperatures of the standard and measured signals. Accuracy of teme-
perature measurement by the null method is in no way dependent on the
stability of radiometer gain, and is governed solely by radiometer 145
sensitivity,

Reliability in the reception of thermal radio _signals, Already
pointed out is tie fact that noise primarily that generated in the input
stages of receivers, interferes with reliable reception of thermal radio
signals, Sometimes noise of external origin,* such as natural radio
radiation from the terrestrial surface, the sun, cosmic sources, and
the like, can be significant (we should point out that the limit to which
it is desirable to reduce recciver internal noise depends on the level
of external noise).

Quite obvious is the fact that reception reliability will be greater
the higher the output s/n ratio., There is one basic difficulty in
attempting to make a que¢ntitative evaluation of reliability, however, and
it 1involves the random nature of noise, It is possible to receive a
noise "pulse" (a so-called "false alarm") as a signal when in fact there
is no signal, even when the s/n ratios are high, or, on the other hand,
there may be a signal, but it will not be noted becausc of the simul-
tancous reduction in the noise level, Noise will iwntroduce an error in
the measurement when measuring specific signal characteristics, and the
magni tude of the crror will change in a random fashion. It cannot be
predicted, or calculated, accurately,

So what follows is that reception quality cannot be evaluated in
absolutes, only in probabilities, Detection reliability usually is

characterized by the probabilitics of corrcct detection, Pd’ and of

false alarm, P Accuracy in the measurement of signal characteristics

fa’
is evaluated by the probabilitics of the appearance of errors of predeter-
mined magnitude, Accordingly, the task of evaluating reception quality
is one of determining the probable magnitudes in terms of a known out-

put s/n ratio. The reversc of this must be solved when designing passive
radars; find the magnitude of ihe s/n ratio nceded to obtain these
characleristics for a specificd probability characteristic, The limited

.8cope of this book does not permit dwelling in detail on the procedures /Al

used to solve these problems, so we shall give and explain only the end
results of the solutions.

Figure 2la shows the probability of correct detoction and false
alarm as a function of the magnitude of ihe s/n ratio at the output,

calculated from foreign data {11]. Each curve is for a definite pfa

* Only natural noisc has been considered up to this point. The influence
of organized noise will be discussed in the next chapter,
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Figure 21, Probability relationships. (a) Pd and Pra as a function

of the s/n ratio; (b) Pfa

as a function of the threshold
level,’

value for purposes of convenience. Accordingly, if the inverse problem is
to be solved for a given Pfa' one selecis the curve to find qout that will

satisfy the needed magnitude. The answer can be multivalued when deter-
mining the Pd and Pfa probabilities for a known But* There are several

pairs of probabilily values for each qout value. The true probability
values in this case

the value of the output voltage,

signal. The higher the threshold

g the probability
of a false alarm. The signal detection probability is somewhat reduced,
however.

_ Figure 2la shows the false alarm
threshold level, The threshold level

oltage at the output, and not in
relationship between the magnitude

of their appcarance. Note that the
ir probability. So we can reduce the

of the noise pulses and the probability
larger the pulses, the lower the

danger of a false alarm to the n
level. But now there is a requi
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Let us now proceed to estimailc reliability when measuring signal
characteristics, The simplest, and at the same timc the most widely
used type of mcasurement in passive radar work, is that of the mean
signal amplitude, or, what is virtually the same thing, the signal
temperature. Already mentioned is the fact that when there is no signal
the meter output voltage will fluctuate with a root-mean-square deflec-
tion proportional to AT, the sensitivity of the radiomecter.

Accordingly, the root-mean-square of the error in the temperature
measurement is simply equal to AT, Let us recall that thec probability
of the appearance of crrors not exceeding the root-mean-square error is
equal to 0.68, "Pulses" in errors exceeding 2AT have a maximum prob-
ability of 0.05, whilc those exceeding 3AT are possible with a prob-
ability of the order of 0.003. Note that these same results can be
obtained from the curve which, as already has been pointcd out, char-
acterizes the probability of the appearance of "pulses' of random /48
noise., There is little probability of the appearance of errors exceced-
ing 34T in absolute magnitude, so the results of temperature miasurc-
ments can be considered reliable with accuracy of #3AT.

Errors in measwrements of the time shift difference, and in the y
difference in Doppler frequencies, too are random magnitudes. Their
root-mean-square values can be found from

At ~ ktL/Af,I 40t (21a)

AF =~ kF/ts\I q_ (21b)

s

whoere

0 A, sl i

k kF are coefficients cf order unity;

f’

ts is the signal length.

The formulzas at (21) are analogous to those used to calculate
accuracy in measuring arrival time and Doppler shift in radar siguals,
The differecnce in the temporal shifts in thermal radio signals can be
measured more accuratcly because the band, Af, of thermal radio signals i
as a rule is greatly in excess of the frequency band for radar sighals,

As may be seen from these formulas and curves, all that need be
known in order to make a quantitative evaluation of receptlicn reliability

.is one magnitude, the output s/n ratio, and this can be calculated by

using Eqs. (16) and (17). There are many calculations when it is
necessary to determine the input s/n ratio for the specificd reliability,
This value of the input s/n ratio is called the visibility factor in
radar work. Readily proved by transfcerming the formula for the output
s/n ratio is that the nccessary visibility factor for reception of a
thermal radio signal is equal to '

aQ = Tsm/AT =]qout m ° (22)
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Accordingly, the temperature of the input signal should be higher than
the value oi radiometer sensitivity, AT, by a factor of qm, if reliability

corresponding to the value of the output s/n ratio, 9 is to be cnsurcd,

tm

Characteristics of radiometer circuit, The main component of /49
any radiometer is the receiver. Although radiometer receivers do have a
great similarity to conventional radar receivers, there are in fact quite
significant differences. The chief of these differences is the special
requirements imposed on radiometer receivers; specifically the nced to
provide very wide h-f passbands, and an internal noise level as low as
possible. Moreover, the gain and the noise figure for receivers should
be very stable in order to prevent the appearance of additional l-f
noise,

Just what are the basic principles underlying the design of r-f
receivers? The first thing that must be pointed cut here is the tendency
to use amplifiers with low noise levels in input circuits, It should be
pointed out that the development of passive radar is associated with the
appearance of several iypes of low-noise amplifiers, something that pro-
vided the conditions for the development of much more sensitive receivers
than the ":lassic" superheterodynes wide'y used in radars, It is known
that the noise temporature of a multistage receiver can be found from

T =T _+T ) k_.k
ne " Tne T /Mot Toa/Mefpn + Ty/Mekpikpa + eeen (23)

where
Tn £ ﬂf are the noise temperature and ecfficiency of the input

fecder, respectively;

Tn1(° 3) is the noise tempcrature of the first (second, third)
“177 stages in the receiver;

k is the power gain for the first (second, third) stages.
p1(2,3)

As may be seen from the formula, the use of an amplifier with a low
noise tempcrature and a high gain in the first stage results in a sharp
reduction in the receiver's noise temperature, even if the following
stages have high noise temperatures, Moreover, the use of low-noise
amplificrs will in many cases do away with the need to use superheterodyne
reception, because adcquate =en«itivity can be obtained by using a two,

_or three-stage HFA. Practically all forcign radiometers in the conti-

meter band, and many radiometers in the millimeter Land, have low=-noise Z§o
amplifiers in their HFA stages. The operating principles of these

amplifiers, as well as their characteristics, have been described in

detail in a number of hLooks and texts published in reccent years, so we

shall limit our discussion of them to a brief comparison of their
characteristics from the point of view of their usefulness in passive

radar engineering., As we know, the main types of low-noise amplifiers
Aceveloped to date arc the:

special traveling wave tube (TWT);

parametric amplifiers (iA);
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-at the same time., The wide passband is the chief advantage of traveling

quantun-mechanical amplifier (QMA);
tunnel diode amplifier (TDA),
Let us review cach of these amplifier types,

Historically, the first of the low-noise amplifiers was the TWT,
These amplifiers, because of their quite wide passband, had quite high
noise temperatures (5,000-15,000°K), so the possibility of using TWT
to further increase the sensitivity of radiometers was found to be limited.
The TWT uses an elcctron beam emitted by a heated cathode, so the main
cause of noise is the well-known shot effect. It was long thought that
there was a theorctically low iimit to the TWT noisc tempcirature at
approximately 900°, Subsequently, however, it was shown that the noise
could be reduced even further by improving the electrostatic and magnetic
focusing of the electron beam,

It should be pointed out, however, that this improvement brings
with it an increase in both weight and size (becausc, in particular,
cumbersome and heavy magnetic systems are needed),

The foreign data on the subject show that modern, mass-produced TWT
in the 3-cm band have a noise temperature in the 900-2,000°K range, and
a passband equal to 20-30% of the carrier. Use of TWT such as these in
the input stages of radiometers provides a sensitivity of a few hundredths
of a degrece,

Parametric amplifiers, particularly semiconductor diode parametric
amplificrs (DPA), would appear to have quite a good future for use in
radioneters,

As we know, there are a great many different tvpes of diode parametric
amplifiers, but foreigua radiometric techniques will basically use single- 1151
circuit DPA that work on reflection,

Modern foreign DPA have noise temperatures betwecen 80° and 300° in
the 5-cm band, and between 300° and 500° in the 3-cm band when the gain
is 10-18 dB, Thc passbanu is from 50 to 400 Miz,

Traveling wave DPA, which are delay lines with varactor diodes
connecled at several points, appear to have a good futurec, A sigual
supplicd to the input of this type of amplifier will result in a rising
signal wave in the delay line, and a pump wave moving along the line

wave DPA,

Parametric electronic amplifiers with a transverse field (Adler ]
amplificrs) have been used successfully in the decimeter band, but have
not yct been usced in radiometry because a heavy increase in the inten-
sity of the magnetizinp field is requircd when the working frequeucy is
increased,

Quantum-mechanical amplifiers (QMA) have the lowest noise temper-
atures. Thesc amplifiers are used in radiometers for radioastrouomy
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purposes today. There are individual models of QMA with noise temper-
atures of no more than a few degrees, The drawback in resonator QMA,

the limited widih of the passband, has been eliminated in the iatensively
developed traveling wave QMA,

AR AR e,

paes

A AN

; _ The traveling wave QMA is a decelerating systom with built-in com-
1 ponents of an amplifying material and the decoupling components needed
to prevent sclf-excitation.

e L

1 A ruby crystal is used in the S-mm band traveling wave QMA developed
= in the United States, This amplifier has an internal noisc of 2°K, The
r gain is 25-35 dB when the passband is 25 Mz,

Other countries are investigating the feasibility of designing QMA /52
to operate in the shortwave portion of the millimeter band, 4-6 mm in -
particular. It is proposed that the strong magnetic ficlds needed for
QMA operation in the millimeter band be created by superconducting magnets.
Thanks to unusually low noisc temperatures, QMA can be expected to be used
in fixed passive radar installations because the neced for cooling to very
low ("helium") temperatwres, and the powerful magnetic Jields required,
will make it difficult to use QMA in airborne equipment. The DPA, although
they have somewhat higher noise temperatures, do have very much better
size and weight indices, and therefore will be much better suited for
use in airborme passive radar,

Parametric, as well as quantum-mcchanical, amplifiers have one draw-
back in common, and that is the requirement for a stable punping source,
the frequency of which should, as a minimum, exceed by a factor of two
3 the working frequency of the amplifier, This first of all greatly reduces
the feasibility of developing millimeter band amplifiers, and, second,
leads to circuitl complications becausc of the nced to use networks of

harmonic generators for pumping, more powerful and complicated supply
sources, and the lik.:,

This is why developers of radiometric techniques in foreign countries
oftcen must turn to tunnel diode amplifiers, the features of which in-
clude simple circuitry, cconomy, and extremely high reliability. A very
important advantagc of tumnel diode amplificrs is the hiah deyree of
resistance to external effects., Germonium diodes, for example, will
opcrate stably from -200° to +100°C, The tcemporature range is cven
broader in silicon and gallium arsenide diodes. DExtremely significant
is the fact that tunnel diodes, as compared to other types of diodes,
have better radiation resistance. Like the DPA and QMA, tunnel diode
amplificrs can be designed for "pass through" and "reflection' schemes,
as well as in the form of deccelerating structures, including diodes
ensuring a build.up of the signal wave traveling along the line.

The only sources of supply for the stages are the low-voltage lﬁj
sowrcns for bias voltage, wilh the magnitude of the power required
from Lhe source a maximum of a few milliwatts,

Foreign industry now is manufacturing tunnel diodes with a power
gain of 12-15 dB and noise tcmperatures of the order of a few hundred J
degrees for use ia the centimeter band and longwave part of the milli-
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meter band. Cooling the diodes to low temperatures will further reduce

noise temperatures, Cooling an amplifier to liquid nitrogen temperaturec

(77°K) almost halves its noise temperature.

The tunnel diode is an electrical component with a negative resistance,
so it can be used in the amplification, as well as in the oscillation,
mode. It is true that the power of tumnel diode oscillators is low, but
it can be increased a hundrea-fold by using multidiode oscillators oper-
ating on the principle of a pump wave gencrated in the decelerating
structure, Foreign experts are of the opinion that the use of tunnel

}diodelcircuits in the centimecter band (10-1.5 cm) is desirable,

Success achieved in the development of h-f, low-noise transistors
now has made it possible to use transistorized HI'A in radiometers oper-
ating on wavelengths longer than 10 cm, There still is no such thing as
a sinple, reliable IIFA for radiometers operating in the shortwave region
of the millimeter band, if one disregards the above-mentioned attempts
to develop QMA, Deep cooling will substantially reduce the noise tem-
perature of semiconductor IFA, input circuits, and frequency converters.,
Righ-frequency receiver units designed with cooling by liquid nitrogen,
or helium, have been developed [8]. Nitrogen cooling is more economical
than helium cooling, and requires nothing complicated in the way of
equipment, Liquid oxygen equipment can be used for nitrogen cooling
purposes, for example, at least according to the literature on the sub-
jeet. Moreover, nitrogen cooling yields quite a good gain in noise ZS&
temperature. The noise temperature of nitrogen-cooled parametiric ampli-

fiers is a maximum of a few tens of degrees,

The passbands of cooled h-f units can vary from a few Mz to several

‘hundred MHz, depending on the type of HFA used, The unit gain can be

15-30 dB, One Soviet-made cooled h-f unit has the following character-
istics: Tn = 50°; Af = 32 MHz; gain 16 db,

Cooling also can reduce mixer and detector noise, something of
particular importance for radiometers in the millimeler and submilli-
meter bands, We should point out that Soviet scientists and engincers
were among the first to study the problem of cooling receiver units
(see the bibliography at the end of the book).

If low=noise amplifiers are used in the input stages of a radiometer,
succecding parts of the radiometer circuitry can use dircct amplification,
provided by poorer quality amplifiers, or cenventional superhetcrodyne
circuitry, It is desirable for the recciver's i-f amplifier (IFA) to
have a passband equal to that of the WA in the lutter case. The 1FA
must have special circuitry because the HFA has a width of tens of Milz,
and more. The most widely used broadband IFA are those with distributed
amplification and superhigh i~f amplificrs. And the development of
transistorized conventional i-f amplifiers has hecn highly successful
too, Modern foreign IFA have a passband o from 300 to 500 Mliz, and a
maximum ncise figure of a few decibels, :

Those foreign millimeter band radiomcters without HFA usually have

superheterodyne circuitry. The mixer stage and the first IFA stages
are the chief noise sources in superhetcrodyne reccivers, as we know,
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Mixer noise can be greatly reduced Yy using mixer diodes made of tellurium
with an admixture of gallium arsenide. The mixer diodes are rigidly
secured in place inside waveguide flanges., This eliminates a series

of parasitic effects, while sharply improving vibration stability in 155
particular, The internal noise temperature in these mixers in the

3~4 mm band is a maximum of a few hundred degrees, and when low~noise

IFA are used the overall receiver noise temperature is a maximum 7,000°

in the 3.2 mm band, and 20,000°K in ithe 2.1 mm band, Radiomcter sensi-
tivities are 0.7-0.9°K and 2.,4°K, respectively. It is of interest to note
that the heterodynes in these receivers do not use vacuum tubes, but
instead use a semiconductor element oscillator and a harmonic genera-
ator network that uses varactor diodes., There are those who believe
supcrhetcrodyne receivers can be used for even higher frequencies, right
up to 240 GHz (wavelength 1,25 mm),

There are a number of cases al frequencies higher than 100 GHz when
it may be desirable to avoid using any of the radio engineering methods
of reception, and go to optical type receivers similar to those used in
the infrared band,

Low=temperature germanium bolomecters, special photoresistors, those
with an indium antimonide base, and certain other elements, can be used
as such receivers, It should be emphasized that the operating principle
of these receivers differs from that of radio engincering type reccivers.
Bolometers, photoresistors, and other, similar, elements directly con-
vert the energy of the radio waves focused in them into d-c energy.
These receivers, in other words, arc unique radio wave detecctors.

Optical type receivers have the following special features:

l. They have a wide passband. The passband as a rule is tens of
percentage points of the working frequency.

2. There is no polarization selectivity. Optical receivers reccive
the whole signal, and this is where they differ from radio cngineering
reccption systems that perceive the component of the radiation with just
one type of polarization,

3. It is possible to increase signal power beyond the limits /56
indicated by the "radio enginecering" formulas,

The advantage of oplical type receivers is the simple circuitry of
the radiometers, which do not, in this case contain h-f components,

‘Figurc 22 shows the functional diagrams of radiomcters with optical

type receivers,

The radiometer in Figure 22a uses a so-called "field" modulator, a
disk with alternating transparent and opaque scctors. The disk is mounted
dircctly in front of the reception clement and when rotated periodically
interrupts the stream of thermal radio radiation focused on the surface
of the receiving element., This causes an amplitude modulated signal
to appear at the output of the reception element, The remainder of the /57
circuit is similar to that of the conventional modulated radiometer, -
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Figure 22,

Functional diagram of a radiom-ter,
receiver and a field modulator;
receiver and a modulator,
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The radiometer in Figure 22a uses a so~-called "field" modulator, a

disk with alternating transparent and opaque sectors.
mounted directly in front of the reception element and when rotated

The disk is

periodically interrupts the stream of thermal radio radiation focused

on the surface of the receiving element,

This causes an amplitude

modulated signal to appear at the output of the reception element.
remainder of the circuit is similar to that of the conventional modu-

lated radiometer,

Figure 22b is that of a radiometer with an "optical" receiver and a
This circuit is somewhat similar to that of
the null radiometer, and can be used for accurate measurements of signal

The shortcomings of the optical type reccivers include, first,

signal comparison source,

amplitude.

The

difficulty in using signal phase and frequency relationships, something

that is necessary for radio interferometers and corrclation radiometers,
Second, many optical type rececivers, barretters and bolo-
meters, for examplc, have an inertia factor of the order of units of

"milliseconds, something that interferes with their being used in passive
Finally, it is very difficult to decvelop

for examplc,

radars with rapid space scan,

optical rcceivers with low noisc temperatures,

Nevertheless, optical receivers have the best sensitivity at 1-2 mm
A report published in the United States in 1965, discussed
the development of radiometers with germanium bolometers for a wave-

The sensitivitly of these radiometers was 1,05°K, equal

wavelengths,

length of 1.2 mnm,

to the best of the centimeter band radiometers,

It is true that this sensitivity was obtained by cooling the
reception clements to the temperature of liquid helium, but this does

wliO=
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not excltide the possibility of developing sensitive optical receivers
that will operate at higher temperatures,
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As we can sce from the brief survey presented thus far, modern radio-
metric engineering has reached a high degrece of perfection, But this
does not mean that it is mandatory to use complicated special receivers

with low-noise HFA, superwide IFA, supply voltage stabilizers, and the
i like, for passive radar purposes.

e

; It is entirely possible to use the corresponding models of perfected

1 radar receivers, including receivers in obsolete models, for many practi-

E ; cal purposes; in particular for calibrating radar antennas for radio
radiation from the Sun and Moon, and for the simplest thermal radio
direction finders for Sun and Moon use., lLet us, briefly, discuss the /58
basic concepts we should use for guidance when rebuilding receivers. -

T

It is best to take the modulation radiometer as the basis for the

L circuitry because it is the least critical with resepct to receiver

] ! characteristics and supply voltage stability. In this case, modecrnizing
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