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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,

AT 1 ST U A TR

TN ST

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;

wllie

AR,




Seeon

A

e ————— T T TS

et g

S ——r

(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

-15-



T

-
g
P
X
E
-
4
="
&
#
g
¥

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,

«18-

i

s

-



T, °K
3 a 7
4 ( 5 . 14
. (] 1
] 2 111
' v/
gL A
- B4
7147 -
5 44
% 3 -
! 2 s /
f A J
?.._,er”’
%
| imprs
H EglEG
; 2 -]
: Ve
! B 10 2 3 57100 2 3 f,GHz

Figure 9, Apparent temperature of the atmosphere as a function of the Z?G
angle of observation and the frequency. Values of angles:
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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
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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,

-38-




i S R

ey

TN LT

o AR T A e e

e

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,

AR e
t
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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

E the radar receiver means added to its circuitry an input modulator, an FM

! amplifier, a synchronous detector, a l-f output filter, and a reference

] voltage gencrator. Ferrite modulators, mass-produced by Soviet industry,

' can be used as the modulators. Diode modulators, as well as mechanical
type modulators that are segments of a waveguide with a rotating disk
partially embedded in the waveguide's longitudinal slot, can be used.
Half of the disk is coated with an absorbing material so that the modu-
lation is the result of absorption by this part of the disk,

: need be made in the mixer, The gating circuit and the AGC are eliminated
from the i-f amplifier. The gain of radar receivers usually is not high
cnough 1o realize tomperature sensitivities of the order of a few degrees.
The missing amplification can be obtained by adding a selective i-f ampli-

i fier to the receiver, the gain of which can be calculated as follows,

; First, determine the receiver's noise tempcrature from the formula

No changes

W

; T" ~ 7 x 10(13-0.1m)/Af, (2&)

where

m is the radar receiver sensitivity, dB/mW;

Af is the rcceiver passband, Miz,

e i

Then, proceeding from the desired radiometric sensitivity, deter-

L mine the 1l-f outpul filter passband from the formula

AF = 10°Af (AT/'J‘“)2, (25)
| Now use the value for AF to calculate the necessary LFA gain from the 159

formula '
l| -
- ¢ 1 F. 26)
K pop & (1 -2) x10 \lAf/A (2
nI‘I—
]
\
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EXAMPLE, A radar receiver has m = 100 dB/mW and Af = 3.5 Milz.
Then

T -7x 10(13-0.1x100)/3.5_= PR

and to obtainthe sensitivity AT = 1° we must have the following values

.
AF = 10”7 x 3.5 (1/2000)2 = 0.1 Hz;

3 4
kLFA = 1.5 x 10 \|3.5/o.1 = 90,000,

This sensitivity is quite high, so the 1-f filter passband is narrow
and the radiometer will he an inertia radiometer, If the sensitivity is
limited to 4°, the passband can be taken as wider by a factor of 16, and
the inertial nature of the filter will be about 0.6 second, rather than
10 scconds. And the nceded LIFA gain will be reduced to 20,000 at the
same time,

The chief drawback of the majority of radar receivers, at least
from the standpoint of radiometric use, is their comparatively narrow
passbands, It thercfore is more desirable to use direct TWT ampli-
fication rececivers, the sensitivity of which can be much greater. The
book by A. D, Kuz'min and A, Ye. Salomanovich, Radioastronomy Mcthods
for Studying Antennas, provides more detailed information on the design

of radiometric equipment,
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3. Passive Radar Mcthods /60

Thermal Radio Signals as Information Carr:ers

The purpose of any location system is to obtain predetermined types
of information about targets. The carriers of this information are
signals, the paranelers of which "code" target coordinates and character-
istics. Information on range is coded in the time delay of the signals,
target spced determines the Doppler shift in signal frequency, signal
strength characterizes the size of the target in certain instances, and
so on, Naturally enough, those location systems that provide a great
deal of information about targets are the best,

The quantity of information a signal can carry depends significantly
on signal properties, Theoretical and experimental research has estab-
lished the fact that this quantity is proportional to the product of
signal band times signal length, and signals f>.i taipets must be mutually
independent if maximum information on several targets is to be obtained,

It is not difficult to see that thermal radio signals meet these
requirements to a grecater degree than do radar signals., Radar signals
are greatly inferior to thermal radio signals where bandspread is con-
cerned, and do not meet the requirement for mutual independence principally
because they have a common source, a generator of radiation from an illu-
minated target, Thu:, more information can be obtained about a target Zﬁl
from tlhermal radio signals than from radar signals. However, there
is one important point that must be made, and that is that the incoming
signals must be compared with reference signals if there is to be
cfficient extraction of information from those signals, This is the
way target range and speed are established in radar work, for example,
It is impossible to use reference signals in passive radar worlk, how-
cver, because the signal source is the target. Consequently, passive
radar work must resort to using more complicated signal processing
methods, ones based on a mutual comparison of signals received by spaced
antennas, or put up with loss of part of the information,

The passive radars most widely used today are very simple single-~
channel sets that only mcasure the mean power of signals and the angular
coordinates of the target., These passive radars cannol determine iarget
range and spced, but can make extreniely accurate measurcments of intei-
sity of radiation from targets, something thatl is not obilainable from
radar, This was pointed out in the preceding chapter when the influence
of Af and ts on the accuracy of mcasuring signal temperature was analyzed,

"So in this case the "information surplus" of the thermal radio signal is

expended by increasing the accuracy with which signal power is measured,
An even greater advantage of the thermal radio signal s apparent in
two-channcl passive radars, which can supply the range to targets, and
their speed, It will be shown in what follows that broadband signals
make it possible to improve the resolution of multichannel passive radars;
that is, to incrcase the quantity of inforiatio:: obtained about targets.

What follows, thereforey; is that the methods used to obtain inform-
ation, and particularly methods uscd to obtain range and speed, from
passive radar differ from radar methods., The only exceptions are the
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methods used to obtain the angular coordinates which, as in radar

methods, are based on the use of high-gain antennas, Methods used to /62
extract information from thermal radio signals will be discussed in -
more detail in what follows. The discussion will begin with a descrip-

tion of the energy relationships (antenna temperatures as function- of
apparent target tcmperatures), calculation of which is needed to evaluate
the methods used tuv extract the information, as well as when calculating
passive radar range,

3 T o i 2
s B g

Energy relations in passive radar, Jl.et us begin the derivation of
the energy relations wilh an explanation of one very important fact, our
determination of the maximum value that the temperature of a thermal
radio signal can reach, To this end we shall use Figure 23, which shows
the most favorable case for the reception of a thermal radio signal, that
of radiation from a very large (background) radiator received by a high-
gain antenna. Let us assume the antenna to be ideal, that is, let us
assume that there is but one main lobe in its pattern, and that within
the limits of that lobe the directive gain (DG) is constant and equal
to G, the antenna efficiency is unity, and there are no side lobes.

Figure 23, Illustration for the
derivation of the antenna
tempcrature formula for
the case of a largec areca
target.

As may be seen from the figure, the antenna perceives radiation
from scction S only because all the other sections of the radiating back-
ground arc outside the limits of the antemna pattern. Then the radiation
power flow from the smallest areca, AS‘l incident at the receiving antenna 163
will equal

ol . 2
= 21k P, AS /2nb” = 4P 21D
AI1 "mubasl/)\ x 1/2nl Py x 1/2uD",

where

AP. is the power of thermal radio radiation in a 1 Hz band with
area AS].

The power flow, AII’ generates a signal at the antenna output, the

power of which is

: 2
m*al = AL A = m‘bc.Asl /™
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where

A = GAZ/4n is the effective areca of the antenna j. the receiving
mode.

Signals from the entire area, AS, must be added in order to deter-
minc the power of the total signal from all of section S, thus

= D =
Pa—APa1+Apa2+o00+Alai"..l+APn

kaG/BnDZ (As1 + As2 + o 0o o t ASi + o o o * ASn).

As may be seen from this latter formula, the power will be pro-
portional to area S

2
= S/4mh :
P = KT G /bl (27)

Let us point out, in order to obtain the final formula, that the
magnitude S/D2 is the solid angle covered by the pattern lobe. The

magnitude of the solid angle is associated with the DG by a simple rela-
tionshin

2
Anant = 8/D” = 4n/G

(this latter expression indicatingprecisely what the DG signifies, that

the main lobe is several times narrower than the whole solid angle, equal
to 4m steradians),

Making the substitution, we find an unexpected result

P = KT = kT, ;

a a b’
= 2
T, = Ty (28)
that is, the temperaturc of the thermal radio signal at the antenna /64

output is equal to the apparent temperature of the radiation, and does
not depend on the range, or on the dircective properties of the antenna,

6y:=6, 62¢Gy

D1< B, ”5‘\ D1* D2

Figure 24, Reception of radiation from a large arca target at different
ranges and by antennas with different DG, a - different i
ranges case; b - different DG cases, p
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Consid-ration of Figure 24 will demonstrate the validity of this
result., Actually, doubling the range to the target will increase area S
by a fac’or of h; that is, power and signal temperature being the same.

As may vec seen from Figure 24, there is no way to increase signal temper-
ature, even by increasing the DG because if this is done area S will be
decreased and Pa and Ta will remain unchanged. There is no melbod wherecby

Ta can be increased above Tb, nor will comnecting several antennas in

parallel help. Egq. (28) is based on a well-established physical principle
directly associated with the second law of thermodynamics, and violation
of this law would indicate that it is possible to "heat" the resistance

of the antenna load from a "cold" source of radiation, that is, create a
second order perpctual engine. Thus, Eq. (28) provides a magnitude for
the limiting tcmperature of a thermal radio signal, that cannot be
exceeded by any method.*

Eq. (28) will take the following form for real antennas /65
T = - T 2
Lena-p T (29)
where
1 is antenna efficiency;

P is the so-called scattering factor, characterizing the influcnce
of the side lobes of the antenna pattern,

What follows from Eq. (29) is that the signal temperature is always

lower than the apparent temperature of the radiator in the case of real
antennas,

The use of Eqs. (27) and (28) make il easy to obtain expressions
for antenna temperatures upon reception of radiation from small targets,
If the target occupies a small (in terms of area) part of the pattern

lobe, Eq. (27) can be used to write ai 2xpression for antenna tcemperature
in the form

2
= GS ’ D . 2(
Ta T, t/m (29a)

2 2
Using the equality A - GA"/in, Anan = A\"/A, we obtain

t

S 22
T, = 1b Ast/k D” = T, AQt/ND (30)

ant’

where

2
AQ1 = St/D is the solid angle for the target;

Annnt is the solid angle occupied by the antenna pattern,

* There arc ways to increasc the power of an incoming signal by using
reccivers of a non-radiocngineering type. 7This will not, howcver,
mean that Eq. (28) is violated.
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There are correc‘ion factors that must be introduced in the efficiency
and side lobes for real! antennas, as in the preceding case.

T, =0 (1-8)T_ A2/

a e (31)

ant;

'ra =T (1 -8) Tapcst/tmnz. (32)

The physical sense of the formulas is obvious, Decrease in target area
means a reduction in the rower of its radiation, and, consequently, a
decrease in the antenna temperature, When the dimensions of the targat

are increased and reach those of the main lobe of the antenna pattern,

Eqs. (30) and (31) are converted into Egs. (28) and (29)., Eq. (31) is
convenient to use for practical calculations when the angular dimensions

of the target are known, The solid angle, AQ T for real antennas can 156
be calculated using the formula an

8t = knA%.sAeo.s 0

where

k. is a conversion factor, equal to ~ 0,94, for antennas with a
circular aperture, and ~ 1,3 for antennas with a rectangular
aperture;

A‘Po.S (AGO.S) is the width of the antenna pattern in the azimuth

elevation plane at the 0.5 power level,

Example. Calculate the antenna temperature ior reception of
radiation from the Sun in the 3 cm band with an antenna for which

n = 008; B = 003; AQO.S = 50.

The Sun's solid angle equals
2 2
80_ ~ m(dp )/ = 10.5%/4 ~ 0,225 deg”,
where

AQS ~ 0,5° is thc Sun's angular dimension.

The solid angle of the main lobe of the antenna pattern is equal to

A2 = 0.9%e5+5 = 23.5°,

The apparen: temperature of the Sun in the 3cm band is approximately
equal to 20,000° k. Eq. (32) now will yicld
Ta = 008 (1 - 0.3) 0.2:;/23.5'2’101* = 107°K.

This is a very strong signal, at least from the point of view of radio-
metric reception. We should point out that the comparativ-~ly high
antenna temperatures characteristic of reception os radio radiation
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L from the sun allows us to use this radiation to calibrate the antennas
and receivers of conventional active radars,

g ( As may ba scen from the example given, Eq. (31) is handy to use to
1 calculate the strength of a signal from very large objects at considerable
distances,

It frequently is necessary, in practice, to estimate antenna temper-

! ature when receiving radiation from small objects, the area and range

5 of which are known, Now it is more convenient to use Fq. (29a). It is
better to use the conversion formula containing antemnna area only if
antenna* dimensions only are known, because this will avoid having to Zﬁ?
calculate DG

; 2
i To=1 (1 - B) ATtQt/k . (33)

the wavelength is an inverse proportion. So if, in the example cited,

we were to change tl+ wavelength from 3 to 0,8 cm, antenna temperature
3 would incrcase from 107° to 450° K, despite the fact that in the 8 mm

' band the apparent temperaturc of the sun is considerably lower than in
the 3 em band, and is only 6,000°K, We would obtain the same result if
we were 1o use Eq. (31), because the width of the main lobe will be

- 1°50', and not 5°, when A = 8 nm,

% f Note that in Eq. (33) the ratio of antenna temperature to the square of

, So, we have reveualed yet another interesting property of thermal

4 radio signals; the intensity of signals from elongated targets does

not depend on the wavelength, and the intensity of signals from small-

1 dimension targeils is inversely proportional to the square of the wave-
length, It can be shown quite readily that in the case of linear targets,
that is, those with small width but long lcngth, the antenna temperature
as a function of wavelength wil) have an intermediate form

T ~ 71 -B) T Apd g

E S 6% /A (34)
This can be explained by the facl that thiat part of the main lobe of the
antenna pattern containing a linear target will change linearly with

change in the wavelength (see Figure 25),

Figmre 25, Reception of radiation
from a lincarly extend-
ed target.

*This is valid only when applicable to the area-type antennas, such
as parabolic, lens, horn,




The difference in the frequency relationship of the antenna temper-
ature is very important in practicc because it can be used to =elect
targets of the desired shape.

Signal length is highly important when separating information from
incoming signals. We already have noted that the longer the signal the
easier it is to detect, and the greater the accuracy in measuring signal
parameters. Lect us consider now the factors that determine signal length
in passive radar work. Signal length can be found from the following /68
formula for passive surveillance radars

tS = A(P/QSC’ (35)

where

nsc is the scan angular velocity.

Signal length in this case can vary from microseconds to several
minutes, depending on the width of the antenna pattern and on the scan-
ning rate. Much longer =ignals are characteristic of passive tracking
radars, but in order to obtain this length, that is, to use very narrow-
band LPF, it must be reccognized that extraordinarily increased angular
errors in tracking cannot be avoided., Consequently, the useful signal
length for passive tracking radars seldom exceeds seconds, and it is only
in special purpose passive radars (in radio sextants, for cxample) that
signal length can be as long as several minutes,

The reception efficiency of signals is, to some extent, dependent on
their shape., Signal shape is wnderstood to mean the signal temperature,
TS, as a function of time

T (L) = M(t)T
s s

max’

where

T is maximum signal temperature;
s max

M(1) is a function characterizing signal shape.

Signal shape will coincide with the shape of the antenna pattern
(Figure 2Ga) in the casc of passive surveillance radars working on small
targets. In the casec of an elongated target, one with a variable apparent
temperature (so-called "thermal rradio relief," Figure 2Gb), signal shape /69
will repeat change in the apparcent temperature, but in a more even, smoother
manner. The interesting analogy between the work of the antenna for a
passive surveillance radar and the action of a l-f electrical filter must
be pointed out., We know that a 1-f filter will elongate short spikes and
smooth out rapid fluctuations in the voltage supplied to its input. We
will sce this very same pattern in the scanning process if we replace
the time axis with the axis of the sighting angles., As may be secn from
Figure 26, a small target appears on the axis of the sighting angles as a
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short pulse of apparcnt temperature with short "length," A¢t. We
obtain a longer signal, one with "length Awant, during target scan,

The smoothing out of spikes of apparent temperature when sighting elon-
gated objects occurs similairlys This is why it sometimes is said that the
antenna functions as a "'space frequency filter.," It is interesting that
the conventional antenna "bandwidth'" is proportional to the size of its ;
aperture. The larger this dimension, the narrower the antenna pattern, Z?U . ¢
and, consequently, the shape of the signal pulse at the antenna output
will approach the shape of the apparent temperature "pulsc" perceived
by the antenna during scanning.

AN o O

l

a Sighting angle

A A

e SV AVES
- ~

Y I I IV ST Ty b S:ghting angle

Figure 26, Distortion introduced by the antenna during scan,

Tarqget detection wheon radiating backqrounds are present., Already
pointed out has been the fact that the simplest passive radars cannot fix
range to a target. 7Therefore, together with the useful signal from the
target at the passive radar recciver input is other radiation, the sources
of which are localecd along bearings close to the bearing to the target that
has becn detected. Thus, when air and ground objects are detected from an
aircraft the interfering radiation will radiate from the terrestrial
surface. In the case of ground-hased passive radars working air targets,
the interfering radiation will radiate from the atmospliere, clouwds, and
the sun, Radiation such as this, called background radiation, makes the
deteclion of small largets excecdingly difficult for the following reasons,
First of al), radiation from the background is added to the receiver's
internal roise and, as a result, lessens receiver sensitivity. Sccond,
radiation firom the background masks radiation from the target, and in the
limit case if thc appirent temperature of the target and background ere
the same it generally is impossible to pick up the target. Third,
inhomogeniclies and spikes in the apparent temperature of the background
can be mistaken for a targel by a passive surveillance radar,
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Recognizing the influence of the background, the formula for antenna
temperature for a signal from a small target will take the form

]

a=Tat~Tip = 6Ttﬂ (1 - B) (Ant/hnant), (37)

A e S L BN S i T

where

6Tt = Tt - Tb is the so-~called radio brightness contrast between

target and background,

§ Figure 27 will help explain the formula, Note that when the target is
"hotter" than the background (Tt > Tb) the background detracts from target

detection conditions., If the apparenttemperature of the background is
higher than the apparent temperature of the target, detection can be

improved because the radio brightness contrast between target and back-
ground can become greater than the apparent temperature of the target

3 itself, The radio brightness temperature of a metal object, for example, /71
: that is not intensified by the background will be 120°-150°K; that is, -
the signal has been increased, so to speak, by a factor of many tens,

3 Actually there has been no physical increase in the signal in this case,

! of course., The "shading" effect of the object has simply become well
; defined,

m—!

Figure 27. Radio brightness con-
trast between "target
and background."
a - positive;
b - negative.

Neverthecless, it{ is desirable to get away from the influence of back=-
grounds when using passive surveillance radars, This can be done, for

example, by using the difference in the polarization characteristics of
{ background and target, as is being done most recently in active radar
work,

Background radiation can be used as the signal radiation for passive

radars uscd to measurc track specd, and for thecrmal radio scnsors of the
vertical,

Operating principles and principal characteristics of passive sur-
veillance radars, Passive surveillance radars are the ones most widely
uscd at this time, Figurc 28 is a functional diagram of a passive sur-
veillance radar. As may be seen from the figure, this diagram contains
the same elements found in the functional diagram for a surveillance
radar, with the exception of a transmitter, an ATR switch, and a synchronizer.
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Figure 28, Functional diagram of a passive surveillance radar.

Antennas with a "needle" type pattern are the ones most often used
with passive surveillance radars, This provides the meuns for fixing two
angular coordinates of the target, but does complicate the antenna drive
mechanisms somewhat, Passive radar can use different types of scan;
line (raster), spiral, cycloidal, So-called single-line scan, used in
airborne passive surveillance radars (Figure 29), is special. In single-
line scan the neecdle antenna . beam scans in a plane perpendicular to the

g
!
&
!
E
;
g
f

Figure 29, Single-line scan.

axis of the aircraft, providing scan on both sides of the flight

trajectory. The line of flight is scamncd by mancuvering the air-
craft .

Figure 30. Raster scan.
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The principal characteristics of a surveillance radar are range and
resolution. Let us see how these characteristics are linked to the para-
mcters of the passive radar and the target. First of all, let us deter-
mine the signal length corresponding to one element of the scan, If the
dimensions of the scan zone are given by angles 0 (elevation) and Y azi-
muth, and if the angular width of the antemna pattern is mace up of Ay and
A8, (Figure 30), cach clement in the zone with dimensions equal to those
of the antenna pattern will be looked at for time

t, = kAQAOT_ /40 .(38)
where

kt is the line overlap reserve factor;

Tqc is tae specified zone scan time,

-

The sense of Eq. (38) is quite obvious, The smaller the solid angle
of the antenna pattern as compared to the solid angle of the scan zone,
the longer the time that will be devoted to looking at a single elcment
in the zone, as compared to the time spent on scanning the entire assigned
zone, It is more convenient to express subsequent calculations of Ay
and A0 in Eq. (38) in terms of the magnitude ofthe DG, as we did in the
antenna temperature calculations L7k

t_ = ktklhﬂTsc/G¢9 (39)

o

The time required to look at an elcuent in the zone, ts, is equal to

the signal length obtained from a small target, so, if a radiometer with
noise temperature lh and a h-f passband of Af is used in a passive sur-
veillance radar, its sensitivity will be cqual to

I - o N = o ’
AT =T/ J Mt =T \IG&G/énktklAfTsc (40)

The signal from a target must exceed the magnitude of the sensi-
tivity, AT, by a factor of "qm" if reliable delection of the target is

to be obtained

J}
Ta . 2-quT. (41)

The magnitude q, is selected from the condition of a specified

detection probability, Substituting the expression for target astemuna
temperatwre from Eq. (29a) into the. left-hund side of the relationshiy
at (41), and with Eq.(40) taken into comsideration, we obtain

o .
= W0/ T
5T,5,6/ld” . qT_ J o /1nktklAfrsc

Solving for D, we obtain the formula for the range of a passive sur-
veillance radar as
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D =Jthst/hann J &ﬂklktAfG/We . (42)

{ Let us analyze this formula. The range is proportional to the square
: root of the product of the radio brightness contrast for the target and
its area, and inversely proportional to the root of the radiometer sensi-
tivity, 7The dependence of the range on the antenna DG, and on the dimen-
3 : sions of the zone scanned, is much weaker (proportional to the fourth
‘ : root), The explanation of this difference is simple. Time ts decreases

A R AR R iy,

x

3 ; vith increase in antenna DG, Thus, a rise in the target antenna temper-

; ature is partially balanced by a reduction in signal length, A form that

é i is more convenient for practical use, arrived at by uncomplicated trans-

i formations, and by substitution of numerical values for the coefficients

in Bq. (42), is /75

4 .
~ D~ 0,135 \l 6TtSt/ATqm . ,ITsc/q;eAque, km., (43)

[ The magnitudes in (43) have the following dimensionalities: S, is
2 3. 4 q
inm-, 8T, and AT are in °K; T _ is in seconds, and ¥, 0, Ap, AD® are in
t ' “sc » 89

degrees of angle, The antenna beam angles in this case are taken at the
zero level, '

L o

Calculations made using the relationship at (43) show that the range
of passive surveillance radars can be quite great. A passive radar with

£ AT = 0,01°; ¥ =0 = 10°; Ap = 88 = 1°; and T = 1 sec, for example, is
. sc

capabvle of reliable (qm = 5) detection of an object with thS = 5000°-m2

t
at ranges in excess of 10 km,

Practically speaking, there are many cases when the range is limited
by inhomogencities in the apparent temperature of the background, and not
4 by radiometer sensitivily., These generate additional noise during scan-
; ning that is similar to fluctuations in the radiometric gain factor dis-
‘ cussed in Chapter 2, In these cases some improvement can be achieved by
using special 1-f filters that separate out the short signals from small

targets from the longer spikes caused by the inhomogeneities in ihe backe-
ground radiation,

A second method used to compensate for the harmful influence of back-
ground inhomogeneitlies is based on the use of a recording of the radiometer
1 ouiput voltage over a period comprising scveral scan cycles. This is
1 followed by paired subtraction of recordings of adjacent scan cycles, using

a special device. The result of the subtraction is to balance out the
background and retain the recording of the useful signal (see Figure 31).

Passive surveillance radar of the type described is designed to scan

] an air space. Airborne passive radars for scaming the terrestrial sur-

face are somewhat different. They use a single-line scan mode (Figure 29)
and range will be expresscd by another formula. Let us derive this for-
mula, The scanning rate in the transverse plane should be sclected such

that there is some overlap of adjacent lines. Given this condition, the

scan time for one line will equal /76

=5l
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:
£ . = D si 0/2W — k_DAO/2W
g tl:me k1 sin 80/2W = 1 80/2W,
i
: where
* 3
b D is the distance to the extreme points in the zone scanned;
: W is flight speed;

k1 is the line overlap factor.
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Balancing the influence of the background., a - signal

recordings before subtraction; b - the result of sub-
traction,

Figurc 31.

Knowing the time to survey one line, it is not difficult to find the
time to survey onec element (signal length)

I A0/6., (44)

s line

Using the relationships in (38-42),ihe distance formula can be obtained

as

3 5 - mre
D~ 0,12 \/(61‘tst/mqm) 1/WEApAD. (45)

This formula differs significantly from Eq. (42),

IFirst of all, there is the dependence on flight speed, and sccond,
there is the strong influence eof the antenna pattern width, contrast,
and target area., This explains the more complex dependence of signal

length on Ag, AD and V.

Resolution, that is the minimun distance between two targets in an
area at which the two still can be scen as scparate targets, is an
important paramcter of a passive radar used to scan the terrestrial sur-

face, Resolution depends on antenna pattern widih and range to the

targets in the following way

o ikl
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AL =D sin Ap ~ DAg; | (46a)
ALts = D sin A8/ cos y/2~ D AB/cos §/2 (46b)

The azimuth resolution will deteriorate more rapidly with increase in
the range, so that the detail of the image of the terrestrial surface
obtained along the edges of the scanned zone will be of poorer quality
than those in the middle,

The best resolution is equal to

ALaz = H sin A9 ~ HAg (47a)

ALts = H sin A8/cos W/Z:: H Ae/cos'¢/2. (47b)

will be at zero azimuth angle, This means tha! the terrain sections
directly beneath the aircraft carrying the passive radar will be repro-
duced in the sharpest detail, This is an important advantage of the
passive surveillance radar over airborne panoramic radars which, as is
known, have very low resolution at short ranges. We also should point
out that the resolution of foreign passive radars is in meters and less
at short ranges and when antemna patterns are sufficiently narrow, and
this, practically speaking, is unattainable with conventional radars,

Multichannel passive surveillance radars. The problem of radio vision,
We already have seen that expansion of the scanned zone will reduce the
range of passive radars, Furthermore, scanning time will be increased .178
if the scanned zone is expanded, and this often is undesirable,

This drawback is overcome by designing passive radars with multiple
channels so that the whole of ithe zone to be scanned is divided into
several smallcr zones, The rangce of a passive radar with multiline scan

will be increased by a factor of &rﬁ' if there are n channels functioning
simultancously, rather than just one channel, The range of an airborne

passive surveillance radar will be incrcased by a factor of 3\rﬁ' .
There is absolutely no need to make each channel in the form of an inde-
pendent passive radar., Modern antenna engineering can design antecnnas
with several spaced patterns, and il is antennas such as these that are
used wilth muiliichamnel passive radars, There can be a common scope as
well., This mecans that only a few radiomcters are neceded. An importaut

advantage of multichanncl passive radar is better reliability because

it caa continue to function on ithe good chamels should oie channel of a
multichannel passive radar fail,

If the number of channeis is taken as very large, a space can be
covered without scanning (Figurc 32). This coverage mcthod is called
radio vision, "Radio vision" is not an arbitrary term. T7The fact is
that thermal radio radiation, like light, is incohcrent and broadband,
This is why thermal radio images of terrain sectiois strongly resemble
the images of these same sections as seen by the cye (Figure 33). Radio
vision is a complex technieal problem, primarily because the number of
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Figure 32, The principle of radio vision,

receiving channels is so great, hundreds, or even thousands. This is 4[79
why superminiaturized models, and sufficiently cheap radiometers, have

not yet been developed. It still is too soon to talk about the wide-
spread use of radio vision,
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Figure 33. A thermal radio image of a terrain (a) and a photograph of
the same terrain scction (b).

Passive tracking radars,

Passive tracking radars are designed to

automatically track single thermal radio targets by angular coordinates.
The operating principle and functional schematic of the passive tracking
radar are quite similar to those of conventional tracking radars,
scan is most often used in passive tracking radars,
functional diagram of a passive radar of this iype.

Conical
Figurc 34 is a

Just as in thc case of the tracking radar, the input signal is /80
amplitude modulated because of rotation of the antenna patiern, and the
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Figure 34. Functional diagram of a passive tracking radar with conical scan.

depth of modulation increases with distance of the source of radiation from
the axis of rotation., The phase of the modulation is detcrmined by the
dircction in which the source is shifted. There is no necd to use a
modulation radiometer in a passive tracking radar becauv<e the incoming
signal already is modulated, The signal thercfore is supplied to a

narrow band 1-f amplifier tuned to the modulation frequency after detection.
Synchronous detectors are comnected to the amplifier output and direct
current voltages are formed at their outputs., These voltages are pro-
portional to the magnitude of the angular mismatch between the axis of
rotation of the antenna pattern and the direction to the source on which
the bearing is being taken, These voltages also are used to control ihe
antenna drive mechanisms, thus providing for automatic tracking of the
source of thermal radio radiation, The principal characteristics of

the pascive tracking radar are opcrating range and accuracy in fixing
angular coordinates.

Eqs. (38)-(42) can Le used to find the operating range. Simple
mathematical transformations of these latter will yield

- 4
~ 0, T S T g O .

D 0.1 \[8T,S /ATq A48 NEX (48)
Derivation € the formula for the error in angalar tracking is quite Zﬁl
complicated, so we shall simply provide the result as

~ 0.4 (A¥
O(P" 0.4 ( 0.5/(‘m !fs) , (49)

where

oy is the root-mean-squarc of the error in angular tracking result-
ing from internal noises in the passive radar's radiometer,

The harmful influence of internal noise appears in this case,
because some of the detected internal noise enters the passband of the
narrow band i-f amplificr, passes through the synchroinous detectors and
power amplifiers, and causes the passive radar antenna to oscillate in a
random fashion,

As may be secn from the formula at (49), the magnitude of these
oscillations can decrease, narrowing the passband of the low-pass output
filter, Thi: narrowing of the band reflects favorably on the operating
range of the passive radar as well [see formula (48)]. It would appear
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that the use of very narrow-band filters would result in highly accurate
angular tracking and long operating range. However, there is a dynamic
error in angular tracking that increases with increase in instrument
. inertia, and this is in addition to the random error in angular tracking,
( ) ope So il follows that the passband of the low-pass filter must be
selected such that the summed error will be least.

A drawback in the passive tracking radar with conical scan is the
dependence of the accuracy of the angular tracking on the width of the
antenna pattern., If, for whatever reason, a sufficiently large antcima
cannot be used with the passive rad.ur, other ways lo increase accuracy
must be sought., Onc possibility ; the use of phase direction finding
methods, Figure 35 is a functional diagram of a tracking phase dirc_tion
finder. The phase direction finder uses two antennas spaced distance a
aparxy on a base line, The signals from the antennas are fed into ihe two
inputs of a correlation radiometer. A controlled phase-shifter is inserted
in one of the input circuits, 1let us suppose that the shifter initially
is set for zero phase shift. Then, if the signal source is equidistant
from both antennas, that is, if the source is on a bearing perpendicular
to the base at its midpoint, the phases of both input signals will be /82
equal and the output vultage from the ruiiometer will be a maximum, If,
however, the bearing to the sources does nut coincide with this perpen-
dicular there will be a relative phase shift that will result in &
reduction in the output voltage. The outputl signal will be zero when
the phase shift is 90°, The signal will become negative with further
increase in the shift, becoming equal to the signal corresponding to
the "equal phase" bearing when the phase shift is 180°, and, as before,
will have a negative sign. As may be scen from the figure, the phase
shift equals

A¥ = 360° (a/\)sin ¢.

As may be secn from this formula, the longer the basec, "a", the greater
will be the phase shift in the input signals for the same angular
deflection of source ¢; that is, the greater will be the direction
finding sensitivity of the syston,

Linc of \T/ Mult.___:jl

equal
" phases

‘igure 35. FKFunctional diagram of a phase radio direction finder.
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Accordingly, the direction finding sensitivity of a passive phase
radar is determined by the length of the base line, and is virtually
independent of antenna size, A phase-shifter that shifts signal pbase /83
90° is inscrted in one of the input arus of the phase direction finder -
to separate the signal from the error, The voltage across the output of
thie radiometer will be zero when the bearing to the source coincides with
the equal phase line, and error signals with different signs will appear
when therc is a deflection to the left or right., Thesc signals are
supplied 1o a d-c amplifier. An clectiric motor is connected to ihe output
of the amplifier. The shaft of ilhe electric motor is coupled to the shaft
of the phasc-shifter through reduction gearing, This system provides auto-
matic tracking of the signal source, and the bearing can be read directly
from the angle of rotation of the phase-shifter,

There are other varianis of arrangements for tracking phase theirmal
radio direction finders, As has becen noted, the direction finding sensi-
tivity of the phase direction finder can be made very high by increasing
the base 1line, There is a limitation however., If the base line is very
much longer than the wavelength, the direction finding characteristics
will become traltivalued, and Talse nulls and maxima will appear, Ambiguity
in readings is a drawback, so the use of long base lines is undesirable
f r radio direction finders., The effect can, however, be used in special
passive radars known as radiointerferometric radars, and they will be
discussed in what follows,

Selection of thermal radio signals. Range and specd measvrcment,
The capability to make separate observations of targets that mey be at
different ranges, and to mecasure those ranges, is the most valuablc
property of radar, bult is unusually difficult to realize with the passive
radar, The simplest single-channel passive radar cannot measure the
range to a detected target, or determine how one, or several targets
within the beam of the antenna pattern may be distributed with respect
to range. This passive radar will reproduce the thermal radio radiation
from a target a few kilometers distant, and the radio radiation from the
sun, 150,000,000 km away, in exactly the same way. And since the carth,
or the sky, always is within the field of vicw of a passive radar, it is
clear that abscnce of range sclection is primarily the result of ever-
present noise from distant background sources, The useful signal has /84
to be scparated from all this noisc, -

Equipment for selcecling signals from targets out of a backaqround
of interfering radiation is required for the efficient operation of
passive radars, There are, today, several kinown types of selection that
can be used to solve (his problam. These types of seleclion are based
on the following differcnces between targets and noise sources (back-
grounds):

differcence i

—

1 radiation spectraj

difference i

1 polarization characteristics;

difference i

v dimensions;

difference i

v specd of movoement,
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None of the above excludes the development of special types of range
selection for passive radars,

r ' (; Let us take up these types of sclection in somewhat more detail, The

§ J simplest type of selection is spectral selection, wherein the difference

in the spectra of radiation from the target and the noise source is used,

: Unfortunately, this selection method cannot be used to distinguish small
. targets against "hot" backgrounds, against the background of the terrestrial
4 surface, for example. On the other hand, spectral selection is very useful
for detecting airborne targets against a background of clouds and a
radiating atmosphere, Correct selection of the passive radar band can
sharply reduce the influence radiation from the atmosphere and clouds
will have on passive radar performance,

Polarization sclection obviously can give reasonably good results,
¢ The gist of polarized selection is that both components of thermal radio
radiation are received simultaneously by two scparate radiometers. 1If
;’ ! the polarization characteristics of targets and backgrounds are known, a
s comparison of signals reccived by two channels will separate the target
signals,

There are several different functional arrangements that can be used
to make the selection in terms of signal source dimensions., Multifrequency
reception is one approach. We already have pointed out the fact that
antenna temperature increases with increase in the working frequency

ﬁ of the receiver when receiving signals from small targets, as well as 185
3 the fact that antenna temperature does not depend on the frequency in
s the case of extended targets (backgrounds)., So we can make a decision as

’ to the presence, or absence, of a small target by comparing the output

E signals from two radiometers tuned to different frequencies, even if

; radiation from the background is received simultaneously. it is possible
3 to differentiate to some degree between target sizes, even using con-

1 ‘ ventional single-frequency reception, if the passive radar antenna has

a very narrow pattern, It is quite obvious that signals from more extended
3 targets picked up during scarming will have greater length ihan will

l signals from small targets. However, this difference will not be clcar
cut unless the extent of the target is such that its angular dimensions

; are greater than the dimensions of the antenna pattern., It is practically
- impossible to usc this method to distinguish targets by their size when

3 they occupy a small part of the main lobe., And space limitations often

i make it impossible to use antennas with narrow patterns, In these cases

% we can use radio interferometers, passive phase radars with long base lines,
for selecting targets by size, PFigure 36 shows the operating principle
3 on which the radio interferometer is based. The base line for the radio

interferometer is chosen comparatively long, of the order of hundreds, or
: even thousands, of wavelengths, We alrcady have seen that in this case

' the direction finding characteristic will become multivalucd. This means
1 the resultant antenna pattern will have a great many lobes, The number
of lobes will depend on the ratio of the lengih of the base line to the
wavelength and antcuna pattern width

n = Ap(a/N) = 7o(a/dant) .
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Figure 36. Radio interferometer
antenna pattern,

A multilobed pattern such as this scanning a point target will yield
a voltage at the radio interferometer output with a changing sign remii-
iscent of a radio pulse because the target will pass through opposite
sign lobes in the pattern.,

The length of the output "radio pulse" will, like that for a con-
ventional passive surveillance radar, cqual

T : A(P/QSC,

and the fill frequency will depend on the number of lobes and on the
scanning rate

Fooxa/AQ_ (50)

Let us now sce what happens if a target with an angular dimension

less than the aperture of the antenna pattern, but larger than the angular
dimension of one lobe, enters the radio interferometer's ficld of view,
The figure makes it clear that a targel such as this will overlap lobes
with different signs and its signal will be weaker than that from a point
target, The signal from this target will be zero if the turget dimension
is equal to twice the dimension of the lobe, becausce each half of the
targel will gcenerate a signal of opposite sign, and the iwo will cancel

. each other., The picture is similar when the target dimensions exceed

the width of the pattern's main lobe, So we sce that the radio inter.
ferometer is a fine instrumcnt for sclecting targets in terws of their
dimensions., One example of this fact ix the use by astronomers of radio
interferometers to obtain a detailed picture of the distribution of the
solar surface radio brightness temperaturce. The width of the patterns
of the antennas used for the purpose is greatlly in excess of the sun's
angular dimensions, So it follows that the radio interferomcter pro-
vides a reproduction of radio brighiness relicf with incomparably more
detai) than is possible by using single-channel passive radars, and

this is in addition to target selection in terms of dimensions. In
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other words, the radio interferometer substantially increases angular
resolution without the neced to increase antenna dimensions, We shall
take up this property of the radio interferometer in somcwhat more
detail later on,

Now let us consider speed selection capabilities. The conventional /87
radar pcrforms the speed selection chore by simple separation of the -
Doppler shift in the frequencies of incoming signals, This clore is
much more complicated in the case of passive radar, howcever, because,
first, there are no referecnce signals, and, second, because of the broad-
band nature of thermal radio radiation. Passive radar therefore goes
about the speed selection task by using awriety of indirect methods.

The simplest form of speed selection is suppression of signals from fixed
targets, One such method for suppvessing signals from fixed targets,

and which is, to some degree, analogous to alternate period subtraction,
was described above (sce Figure 31). Moreover, the ratio of target signal
length to target speed can be used for target sclection based on speed,
Signal length is a function of target dimensions, and scanning rate, in
the case of fixed targets, But if a target is moving in a plane per-
pendicular to the axis of the antenna pattern, the length of the signal
from that target will ve decreased, or increased, depending on whether

the direction of motion coincides with the direction of scan, or is opposite
to it. The radio interferometer described above can be used effectively
for speed selection., Let us take up in more detail the principle involved
when a radio interferometer is operating in the target speed selection
mode., We already have scen [formula (59)] that the fill frequency of

the interferometer's output signal is directly proportional to the scan-
ning rate, Now let us be persuaded that the interferometer's pattern

is not scanning, and that a target moves through the pattern at speed W

at distance D (Figure 37). This target movement is equivalent to scan-
ning at an angular velocity of Q = W/D, Substituting this expression

into formula (50), we obtain for signal frequency

FI - a/\ W/D,

All the magnitudes in this formula, except W and D, are known, and
frequency Ff can be filtered out and nccurately measured, so the follow-

ing conclusions can be drawn:

(1) The radio interferometer can select targets in terms of /88
speed, as well as in {erws of range (because tovgets flying at the -
same speed, but at differeml ranges, will yield output signals with

different ficquencies, Ff);

(2) tihe radio interferometer can be used to measure speed and range
to target, but the results of the mcasurement will not be single-valued
because targets with different D and W can equate to the same firequency,
assuming their ratios to be equal. More preciscly, the radio inter-
ferometer sclects a target in terns of its angular, not linear, velocity,
cqual to the W/D ratio. Herein is the chief drawback in the radio inter-
ferometer selcection mothod; the inability to scparate targets with very
low angular velocities (distant and slow speed targets, for oxample),
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Figure 37. Principle involved Figure 38, Origin of Doppler
in the use of a radio shifts in the
interferometer to channels of a
measure speed and radio intcrfero-
distance, meter,

as well as targets moving away from and toward the passive radar. Never-
theless, the radio interferometer sclection method is highly intercsting.

Let us now turn our attention to a certain similarity between this
selection method and Lhe bDoppler shift in frequency method for selecting
moving targets used in conventional radar work. In both cases the
frequency of liie output signal is proportional to target speed., This £§9
is not a chance similarity. The fact is that the radio interferometoer
actually scparates information aboui the Doppler shift in the frequency
of signals radiated by moving sources. Figure 38 will muke this apparent,
Each of the frequency components of the radiation from the target will
experience Doppler shifis because the target is moving with respect to
the radio interferometer. The magnitude of this Doppler shift at some
frequency, fr’ within the limiils of the receiver passband, will equal

F

o fr(W/c)sin ¢, for the first channel

and

T
]

fr(W/C)sin ©, for the second channel,

2

The differcnce in the Doppler shifts

§F = "ul - Fpyn = f (Wa)/(cD) = (aW)/(AD),

is separatcd at the receiver output because of the displacanent of the
components FDI and Fuo' But this difference isequal to the fill frequency

of the output signal from the radio interferometer [sce formula (50)].
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The radio interferometer thus separates the difference in the Doppler
frequencies of signals because the radio interferoneter aniennas are
spatially scparated., The greater the range to the target, the smaller
this difference, because the angles ¢, which determine the Doppler shifts
in the channels, are smaller, Summarizing, we can say that by using
the radio interferometler as our example we see that it is possible to
extract additional information from thermal radio siguals; in this
particular case information on 1ange and speed "buried" in the output
signal can be used for target sclection,

Let us now take up questions concerned with measuring range, and with
range selection, This, unhappily, still is the most vulnerable part of
passive radar wvork, With the exception of the radio interferometer method
alrcady described, the only method that can be cited is that of repeated
bearing taking (the triarjulation method), a method that in essence /90
reduces to taking simultaneous bearings on the target by antennas
spatially scparated and fixing the position of the target as the point
of intersection of the Learings. It is obvious that this method is
unacceptable for passive radars installed aboard ships and in aircraft.

The range sclection method bascd on the use of "focused" antennas
is finding some, albeit limitied, application, The antennas used herc can
be special lens antennas, similar to short-focus optical lenses, for
example, If an antemma~radiator is placed in one of the foci of an
antecuna such as this, and if a radiometer is connected to the antenna,
radiation from small objects placed in the sccond focus of the antenna
will be perceived best. Radiation from closer, and from more distant,
objects will be out of focus in the radiator and, as a result will result
in very much smaller incrceases in antenna temperature., Since the focal
points are commensurate with antenna dimensions, the best this system can
do is to sclecl objects al distances of a few meters, and this us com~
plelely inadequate for the amajority of location tasks, Accordingly,
"focused" antcunas are uscd exclusively in passive radar installations

for scientific purposecs, for studying plasma under laboratory conditions,
for example,

Passive radar reszolutlion, and rethods for improvement, A serious
dravback in passive radar sets is poorer resolution than that found in
conventionnl radar setx. Such highly valuable mcthods as pulse compression
and antenna "synthesization" have been developed in recent years for con-
ventional radars, bul the=e methods arc not applicable to passive radars,
Rerort must be had to other approaches, therefore, in order to obtain
high resolution in passive radar vork, Here the methods developed in
radio astronomy, wherce the problen: of resolution are as critical as they
arc in passive radar work, are of intcrest., We already have pointed out
the fact that resolution can be improved by replacing the conventioual Zpl
singloe=-channel passive radar with a radio interferometer. Dut while
the moethod has been usced successfully in radio astronomy, it requires
complicated and lengthy docoding of the output <ignals, so its capa-
bilities in passive radm vork arce limited., A sccond method, also
borrowed frowm radio astronomy, is of great interest, This method pra.
vides high angular resolution without resorting to the use of large
arca antennas, Figure 39 shows the lhcory involved,
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Figure 39. Passive radar with "compression" of antcnna pattern.

As may be scen, the method is based on the use of two antennas with
overlapping patterns. The antennas arc connected to the inputs of a
correlation radiometer. It is obvious that this system will react only
to signals from targets that are in both patterns at the same time, that
is, in the narrow "pencil-like" zone of pattern overlap. The advantage
of the method is that the area of each antenna can be small because the
pattern in one of the planes (vertical or horizontal) can be very wide

without loss in resolution. If the antenna lengths are equal to tland

12, the resolution will be that found for a single-channel passive radar
with an antenna with an arca of tl x 12, which is tens, and even hundreds,
of times greater than the total area of the two antennas used in the
method described., Characteristic of the method is the crossing of two

long antennas, so this system has been named the "Mill's cross," after : Zpa
the radio astronomer devcloper,

In concluding this chapter, a fcw words about the possibilities of
improving the characteristics of passive radars that are related to the
special features of thermal radio signais,

We initially spoke of the fact that the use of broad-band signals
permits separating more information about targets, In this regard, we
should point out that improvement in the resolution will increase the
amount of information about targets, 7This is particularly true of scan-
ning radars, for the betier their resolution, the more detailed is the
image obtained of the scanned zone.

It is convenicnt to use the example of the radio interferometer we
already know aboul tc discuss the principle involved in improving resolution,
Let us consider the proiess involved in the reception of signals from
sources occupying different positions in space (Figure 40), It is not
hard to sce that the best approach would be to receive signals from
sources in a planec perpendicular to the base line of the interferomete:
and passing through the midpoint of the uase line (the projection of this
plane is shown in the figuve by the straight line 0-0), Sowrces located
along this line are equidistant from the interferometer antennas, and
the signals from cach of these sources will arrive at the inputs to the
correlation radiometer with different phase shifts and time delays,

«66-

|
§
i
i
s
?
i




R T e

Figure 40. Improving resolution by using superbroadband signals,

If a source is displaced off axis 0-0O some distance x, the distances
to the antennas will no lJonger be the same, and the distance difference
will be

AD:==V DT (a-|- X)F - 1 D] (@ aje o 2030

Accordingly, the signals will not arrive al the inputs simultaneously, but
with shift At, ‘equal teo

¢ D’ X

When this shift excecds the correlation interval, t , the radio-
meter's output signal is zero., Thus, the radio interferometer will
receive signals only from targets the distance of which from the 0-0 /93
axis docs noi exceed ' -

Det )
ax, < e . D

2u 2aMf

The live zone is a scctor at longer distances (D » 2a), ihe angle of
divergence of which is equal to
) 2dx ¢ .S

[- 4 ——
c n aXf

This sector is a unique "antenna pattern," aud can be made very narrow
(for large Af and 2a values). Provided is an increase in the angular
resolution that is independent of the widih of the radio interferometer
antenita patterns,
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4, The Use of Passive Radar /oh

B D £ .

The history of the development of passive radar covers a little

1 over a decade, yet this comparatively short span of time has seen the
A 3
development of passive radar theory, as well as the development of models
of passive radars for the most varied of purposes. The main areas in
which passive radar is used in foreign countries include:
detection, and plotting the coordinates of ground, surface, u.adcr-
water, air, and space objects and targets;
r cartography and terrain exploration;
; solving marine and air-space navigation problems;
homing of various strike weapons;
-
physical investigations of substances and materials,
| » .
1 Morcover, the specific features of passive radar arc such that tasks
! that camot, in principle, be performed by conventional radar and infra-
L red techniques, can be performed by this equipment,
These tasks are primarily those of:
E all-wveather astronavigation;
all-wecather detection of sources of thermal energy;
noncontact me surement of the distribution of temperatures of objects,
and study of their internal structures,
There are many other cases in which the use of radar and infrared
equipment is, in principle, permissible, but passive radar is used
instead because of its advantages. The combination of absolute seccrecy 195
: and the all-weather capability inherent in passive radar, for example,
; is extremely valuable for certain military uses, and the relative cheap-
; ness emnd reliability of passive radar equipment makes it so as well for
i the national economy.

Interest in the military uses of passive radar has increased in
foreign countries in recent years. Foreign military experts are of the
opinion that onc can expect passive radar to be used in particular for
~homing in tactical guided missiles, for air reconnaissance, and for
determining the condition of the atmosphere, The navigational use of
passive radar is coming in for a great decal of attention in foreign
countries, There is, in particular, information about the development

of passive radar ground speed measurers, and of vertical-data trans-
witters. The feasibility of using passive radars to sccek out zones

of increased turbulence in the atmosphere that could pose danger in high-
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specd aircrafi is under review, The most widely used types today are

the airborne passive radars for scanning the terrestrial surface, and the
principle has been applied to radioastronavigation instruments, radio-
sextants, Passive radars for other purposes are for the most part in

the experimental stage of their development, A brief survey of thosc
passive radars in use, as well as of the possible use that could be made
of this type of cquipment follows. 1t has becn compiled from materials in
the open Soviet and foreign press,

Passive radar for scanning ground and water surfaces. The first
foreign experiments. in obtaining images of the terrestrial surface with
passive radar date back to the beginning of the 1950's, approximately,
during which the equipment used was comparatively primitive. These
experiments, conducted in England, used an 8 mm passive radar with a 12 m
diameter parabolis antenna, and a radiometer witih a sensitivity of
about 10°/sec. “he width of the antenna pattern was 0.5 degree, so the
resolution at the sit~ was 10 m when the aircraft carrying the passive
radar was flying at an .ltitude of 1200 m.

This equipment was used to measure the apparent temperatures of
different sections of Lhe terrestrial surface, and it was established 196
thal the apparent temperature of metal surfaces is a maximum of 100K,
and that water has an apparent temperature of 150°K, The apparent
temperatures of opcen fields, meadows, forests, fields, und crops arec
approximately 280°K, and the apparent temperature of concrete, and of
similar materials, is estimated to be 260°K, Figure 41 is a iracing
of the output signal from a radiometer, combined with the plan of the
section of the terrain overflown by an aircraft carrying a passive radar.
The arca was not scanned in this flight plan, The anlenna was pointed
straight down. The horizontal line on the plan is the trajectory along
which the antenna pattern was moving, and since lhe horizontial scales
of picture and tracing are the same, the signal strengths for the different
sections of the terrain can be determined. The pips for the 1oad and the
canal can be secn quite clearly on the signal tracing, as can the differ-
ence in signal levels when flying over the forest and the field,

Successful experiments to obtain ithermal radio images of terroes- Zp?
trial and water surfaces wer~ conducted in the United States in the
carly 1950's. The equipment used was in the 3.2, 1.25, and 0.8 cm bands
and was based on conventional radars., The passive radars were installed .
in aircraft and lighter~thman-air ships. 1t can be assumed that these
radars used single-line scan, judging from the appecarance of the published
images. Pen recorders were used as indicators, The images were of poor
quality, but they did estabiish that it wos possible to obscrve shorelines
(Figure 42), and that the radar had an all-weather capability.

Information about the addition to the arsenal of the U.S. Air Force
of the AN/AAR-2/ passive radar was published in 1961, This radar was
said to make it possible to obscrve objects some 10 m in size from a
flight altitude of 300 m, and large men-made and natural cbjecls from ZQB
an alti{ude of several thousond meters,
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Figure 41, Tracing of radio brightness temperature along the line AB
from an aircraft,

; &f . : =
Thermal radio images of a shoreline (a) and charts of these
same scctions of the arca (b),

I'igure 42,

The United States built better passive surveillance radars in the
years that foilowed. ITncluded, for cxample, is the AN/AAR-33, the first
information on which appeared in the American press in the summer of 1966.
The circuilry and design of this passive radar used the latest achicve-
ments of American passive radar techniques, so we shall take up the
description of this passive mdar in somewhat more detail than usual,

=70~




The AN/AAR-33 radar uses the single-line scanning principle dis-
cussed in the preceding chapter. There is but one receiving channcl,
The radiometer works in the 2 em band, providing an overlap of a con-
tinuous band of frequencies from 13.5 Lo 16.5 Gz, The h-f passband thus
exceeds 3 Gllz, providing greater response,

The radiometer uses the modulation principle. An accurate pulse-
type AGC is used to increase the accuracy with which the apparent temper-
ature is mcasured. 7The carefully designed antenna accounts for the high
performance characteristics of the radar. The antenna is a set of three
identical parabolic reflectors mounted on a common shaft in such a way
that the individual patilerns are 120° apart. Scanning is accomplished
by rotating the antenna system about its axis, which is tilted approxi-
matcly 38.5° with respect to the horizontal plane (see Figure 43), The
reflectors measure 65 x 91,5 cm.  They are made of plastic, and are
strengthened by a honeycomb design that uses a polymer material. The
conducting coating, which contains silver, is applied to the working
side of the reflectors. The width of the pattern of each antenna is
2.2 x 1.7°. The side lobe level is 25 dB,

The scanning rate can be adjusted from 3 to 12 beam passages per
second. The antenna is installed on a gyro-stabilized platform that
provides antenna stabilization in the horizontal plane accurate to 0.25°,
thus improving the quality of the image obtained of the region,
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Figure 43, 7The An/AAR-33 antenna. a - general view.s b - arrangement
in a C~130 aircraft,

As scanning proceceds, each of the threc scctions of the antemna is /100
connected in turn to the radiometer irput through a low=loss antenna
switch,

The switch design is based on that of a waveguide circulator, and
the switch is electrically controlled, Maximum switching time is 50 pgscc.
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This same switch is used for the input of the AGC reference signal.
Switch operation and antenna rotation are so synchronized that a

section with a pattern scamning the area from -55° to +55° from the f
vertical is always counected to the receiver input, ‘

o,

The switch, when the operating cycle for each of ithe sections is
completed, connects the radiometer input to the standard noisc signal
source for calibration and forming the AGC pulse. This condition is
maintained for 1/36 of the anienna rotation period, after which the next
antenna section, the pattern of which has by this time recached the limit
of the surveillance zone, is connected to the radiometer input. The
complete scanning cycle, e:ipressed in degrees of angle of rotation of
the antenna, thus has the following form:

scanning by 1lst section -~ 110°, calibration 10°;
scaining by 2nd section - 110°, calibration 10°;
scanning by 3rd scction - 110°, calitration 1l0°,

The antenna drive is hydraulic.

The passive radar has thrce units, The antenna unit, in addition
to the antenna, contains tho switch, the radiometer head with all the
h-f stages, the detector, and the l-f preamplifier., The antenna unit is
installed in the upper part of the C-130 aircraft's cargo hatch (sce
Figure 43), The control signal generator unit contains the final stages
of the radiomecter, the synchronization stages, the signal amplifiers that
produce the antenna stabilization signals, and the hydraulic installation
for supplying the antcina drive mechanism, This unit is mounted alongside
ihe antenrna unit., The AGC circuitry, the computer into which navigation
data are fed, and the stages for amplifying the output signals from the radio-
meterr that are used when the recorders are in operation, are installed
in the sel's control console,

The radar uses two recorders. One, the plan recorder, records 14101
the thermal radio map, the other, the amplitude recurder, makes an
accurate recording of the apparent temperature along the scanning line.
In addition, the signal trace is fed inlo a special magnetic recorder.
The AN/AMR=33 will detect objects, the radio brightness temperatures of
vhich differs but little from the radio brightness temperatures of the
background, It is pointed out, in particular, that if the targoet fills
the antenna pattern's main lobe completely, all that is nceded to detect
the target is a radio brightness contrast with the background of about
1.75°K. The accuracy with which ab=olute values of radio brightness
temperatures can be mecasuvred is 45°K, Figure 44 shows the images of
different sections of a terrain obtained Ly the AN/AAR-33 passive radar,
The pictures were obtained from an altitude of 360 m, which provides
terrain coverage approximately 1,300 m wide. The dark sites on the pic-
tures are scclions with higher apparent temperatures, The light sites
are metal and concrete objects that are "colder" than the terrestrial
surface, Note the fine detail of the images. The right-hand portions
of the upper, and succecding, films clearly show the runways and taxi- /102
ways of an airficld, A sharp vertical road marker can be scen, Readily
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Figure 4/4. Images of terrain obtained by the AN/AAR-33 passive radar,

recognizable in the seccnd film alongside the road is the outline
characteristic of a small settlement. A great many comparatively small
details can be seen on the third film, corresponding to a scction of an
agricultural area, The fourth film depicts a port arca. The coast,
the port installations, and individual ships can be seen quite well,

We should point out that the principal purpose of the AN/AAR-33
passive radar is to monitor the ice situation in the interests of navi-
gational safety, and not to map the terrestrial surface,

However, the American experts suggest that it be used to solve
certain purely military problems, such as recommaissance of a coast in
areas in which amphibious landings will be made, for cxample,

They are of the opinion thal airborne passive radar for scanning
the terrestrial surface can be used for battlefield reconnaissance,
targcet designation, and mapping, as well as for detecting and delimiting
forest firas, Success in using passive radar to delect the portions of
the forest that werc burning through dense smoke cover that neither light
nor infrarcd rays could penetrate was altained while fighting big forest
fires in the Los Angeles arca.

Passive radars also can be used to scan the carth frow spacecrafi.
It is in this arca that such positive qualities of passive radars as
economy and reliability come to the fore. The drawback in Lhe use of
passive radar, poor resolution, can b . overcome by using antcimas with
largetr arcas, including folding and inflatable ones.

The United States developed a 2 em passive radiar that was installed
in the Nimbus D satellite. 7This satellite, since it is in a polar orbit
at an altitude of about 1,000 km, can sce the entire surfacec of the globe
successively,

[t is reporte 1wt is radar can measurc the apparent teaper-
It ported that th d il D} t tomy

ature of the terrcstrial surface accurate to 1°k, so it may be assumed that

the radar's radiometer is similar to ihe solid-state, highly sensitive,
radiometers described in chapter 2. The passive radar carricd by the
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electrical scamning. The principal characteristics of this antenna are:

working frequency 19,35 Glz;

T Dt

{ scanning angle 150°;

pattern width, half power:

T

within a scanning angle of x30° - maximum 3°;

AT 20 e
‘ Nimbus satellite uses a flat waveguide-slot antenna with single-line /103 ‘
!
|
|
1
i
i
4
1
|

within the limit of full scan -~ maximum 4°; !

E- antenna efficiency 0.74;

-

scattering factor 0.,08-0.12 (depending on scanning angle);

dimensions 45 x 45 x 7.5 cm;

weight about 3.5 kg.

An interesting fecature of the passive radar is the use of discrete
scan. The beam docs nol move smoothly within the limits of the full
deflection angle, but rather in steps, successively taking up 39 fixed
positions. The developers think discrete scan should simplify coupling
the passive radar to the telemetry equipment and make it easier to per-
form the digital processing of the data obtained,

The antenna is designed with 49 waveguide segments connected to the
feeder waveguide. Fach segment has 36 slots, which are elementary
antennas., LElectrical scan is accomplished with the aid of controlled
ferrite phase shificrs installed in the waveguide segment. The power
2 requirement for controlling the phase shifters is a maximum of 9,5 watts,

Passive radar has quite an important place in American plans for
setting up systems that will perform recounaissance functions from space.
The foreign press indicates that thesc systems will use active and passgive
1 instruments that will cover the ganut of eleclromagnetic radiation, from
r radio to uliraviolet waves,
35

. It has been reported, for exuample. that the United States wants

4 to develop a & mm passive radar with an angular resolution of about 20"

for installation in an artificial earth satellite by 1970, The antenna

for this radar will have a linecor dimension of about 6 m. We should /104
point out ihat the cnergy relationships for a passive radar for scan- -
ning the terrestrial surface from space vehicles are ouly slightly poorer
than those for comparatively low-altitude passive radars, Actually,
passive radars such as these operale in a mode for measuring the thermal
radio relief, and as has been pointed out in chapter 3, in this mode

the antenna temperature can be reduced by increase in range only as a
result of atmospheric attenuation, the influence of which can be reduced

to a minimum by seleccling the band for the passive radar accordingly,
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Foreign countries altach a great deal of importance to the use of
airborne and water surface craft passive radars for sea surface search.
Sections of the land fronting on the water have quite a thermal radio
contrast (100-150°K), so it is possible to detect the coast, islands,
and the like, at quite long ranges when the sca is the background.

Ships too can be detected quite well when the sea is the background.
It has been established experimentally that ships observed at short
ranges will have both positive and necgative contrasts between different
parts of the particular ship when the angular dimensions ¢l the ship
are greater than those of the passive radar antenna pattern, This phenomenon
obviously is associated with heterogeneity of the materials of which the
ship's superstructure is built, and this could male it possible to arrive
at a decision as to the type of ship observed.

Passive radar can bec used to detect the wake, the temperature of
which is scveral degrees higher than the temperature of the surrounding
water, as wcll as the ship itself. Wake observations, in turn, make it
possible to determine ship's course and speed., The wake is not confined
solely to swurface ships, Submerged submarines too leave a weak sw-face
thermal trace., The lInited States has developed a special airborne
passive radar for detecting submerged submarines by this trace. The
highly sensitive correlation radiometer in this passive radar has a
quantlwn mechanical h-f amplifier, One of the journal articles asserts
ihat this passive radar solves the problem of 24-hour, all-wcather detec-
tion of submarines from aircraft in zones wiih an area in the thousands
of square kilometers,

Passive radar has bcen extremcly effective in searching the sea /105
surface during icce recounaissance and in detecling icebergs, As is -
known, ice is a good ahsorber in the centimeter and millimeter bands,
and it is this fact that makes it very difficult to detect ice with
active radars, Yet this very fact is what helps detect ice with passive
radar equipmeni, The first experiments conducted by the United States
uscd a very simple 3 em passive radar with a fixed 60 em parabolic anteuna,
The radiometer weas one of the modulation type, and the recciver was a
conventional superheterodyne with a passband of 5 MiHu, This radar
provided reliable detection of icebergs under cloudy condiiions at
ranges up to 600 m (Figure 45), Characteristic is the fact that the
signal from the iceberg, vhich excecded the fluctuation threshold of
sensitivily by a factor of almost 16, was obscrved at the radiometer /106
output, yet this same iccberg did not show up on the passive sur- -
veillance radar scope.

The AN/AAR=33 passive radar has much greater capabilitics for
detecling scebergs, for it can delect ice protruding just a few centi-
meters above the surface of the water. Morcover, currents can be traced
on the images of the waler surface if the currents carry ice particles,
So it follows Lthat radars that can scarch the sca surface can be very
usceful for a variely of hydrological studies, It should be possible to
use passive radar to determine sca conditions, and to study the tempor-
ature regime of the sea surface, for cxample.




.

a

Figure 45. Iceberg and ship pips on a passive radar recorder tape.
1 -~ altitude 150 m, flight bLelow the clouds; 2 - altitude
800 m, flight above the clouds; 3 - altitude 150 m, small
iceberg; 4 - pip for small ship.

A group of Soviet scicntists successfully performed experimental
measureoments of the surface of the Caspian Sea with a centimeter band
pastive radar in Novanber-Decenber 1964, The original procedwre they
used yiclded highly accurate measurcments, Temperatlure values thus
measwred were within 1,5-2,5¢C of true values,

In concluding this =cction, let us not forget foreign developments
in passive rodar with bettor resolution.  Recent rescarch has shown that
waves in o the 3 mn bond wlorgo only slight attentuation when propagated
within the Vimits of {he carth's atmoxphere under almost any kind of
metcorological conditions (with the excepiion of roiny areas), so some
firms have begun to develop radiometric equipment in this band. An
experinental model of a 3 wm passive radar was tested (working frequency
94 Gliz) md provided much sharper terrain images than those provided
by centimeter band cquipment, This is completely in accordance with
the laws involved because passive radie resolution is better by a factor
of 10 in the 3 wam band than il is in the 3 em band (ant.enna dimensions
being equal).  Figue A6h is a thermal radio image of a lake surrounded
by mountiains mul forests, obtained with just such a passive radar,
Figure 46a is a photograph of the same area. Details of the image are
quite good, The American press emphasizes the fact that the quality of
the image will not deteriorate, even under very dense fog conditions, _4]07
when optical and IR equipments arce completely useloess,

¥We should point oul ihat the image in Figure 4Gh was obtained with
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Figure 46, Mountain, lake, and forest. a - photograph; b - thermal
radio image on 94 Gliz,

a single-channel radiometer, the signal from which was recorded on magnetic
film and was, after amplitude analysis, used to form a two-dimensional
picture of the radio brightness temperature. Dovelopment of a 3 mm band
muliichannel radiometer is in progress, Specifically, the feasibility

of designing a mosaic receiver system consisting of 100 barrier diodes
(Shottky diodes) is under study. 7The United States is developing /108

passive radar equipment working on 140 and 250 GHz, in order to obtain
even better resolution,

So the frequency band used for passive radar has come very close to
the submillimeter, But this does not mean that the longer wave bands
will be neglected, however, There are reports of the development of a
30 cm band pasxsive radar, and it also is known that the United States
recently conducted ground tests with a meier band passive radar, It i
interesting to point out that in the meter band the radio brightness
temperatures of cities have turned out to be unusually high, as high

Thix can be cxplained by the hign spectral density of the

different types of industrial noise, the sources of which are cuncoen-
irated in citices,

s

as

Use of Passive Radar for Navigational Purposes

Foreign specialists are of the opinion that passive radar can bne
an cffective tool for use in navigation, by sca or in the air. Passive
radars can be used, for example, to plot the coordinates of ships and
aircraft, to measurec speed, for dead reckoning, to prevent collisons
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with obstacles, for landing airvcraft in bad weather, and the like,

The principal fcatures of passive radars designed to solve various
navigational problems are reviewed in brief in what follows,

Radio sextants. A radio sextant is a passive radar designed to make
an accurate plot of tha angular coordinates of extraterritorial sources
of radio radiation, The simultanecous measurcement of the angular coordin-
ates of scveral (al least two) sources by conventional astronavigation
methods provides the latitude and longitude of the point at which the radi
sextant is located, The altitude angle of the source, and its course
angle, are selected as the angular coordinates to be measured,

Modern radio sextants work on the pringiple of automatic iracking
in terms of angular coordinates, and all radio sextants described in the
Jiterature use conical scanninge.

(o]

/109

The functional arrangement of the simplest radio sextant with conical
scanning is similar to the arrangement of the passive iracking radar
described above,

The accuracy of the radio sextant is determined by the iufluecnce
of fluctuating and dynamic errors caused by the relative angular dis-
placcument of the object on which the radio sextant is mounted, and of the
source, the bearing of which is being taken,

The mosti significanl cowponent of the dynamic crror usually is the
object's own angular motion,

The angular ratc of roll of small ships, for cexample, can be tens
of degrees per second, and the angular rate of rotation of the vertical
can be in units of minutes of arc per seccud, for high-spceed objects,
The angular rate of the carth's rotation is cqual to 15 minutes of arc
per minute,

An accurate plot requires measarcements of angular coordinates, the
error in which should be a maximum of a fraction of a minute, so the time
constant cammotl be large wherve such high angular rates arce involved,

However, the faster components of the angular rate have absolutely
no comnection with the displacement of the cavth with respect to the
source on which the bearing i< being taken, nor with the coordinates of
the objccl on the carthi's surface,  So another device can be uzed to take
them into consideration, using the radio sextant for the slow componcnts
of the relative angular rate attributable to the errors in the device
indicated, as well ax by the wutual displacement in space of the carth,
and the source on which the bearing is being taken,

If the radio sextant antenmna is mounted on a gyrostabilized plat-
form, this platform, maintaining its position in spacce, "subiracts" the
rapid components  from the antenna's relative angular rate, thus croating
conditions for a longer averaging of the output voltage from the radio-
meter, In this caxe, the upper limit of lhe 1-f filter time constant
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is, for all practical purposes, determincd by the angular rate of the i
parasitic drift of the platform, which can be tens of degrees er hour, ZQIO
as well as the time for the transient processes during target lock-on -

locking onto the source of the radiation,
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Figure 47. The operating principle of the gyrostabilized radio sextant,

Feedback is used in the system to compensate for drift in the gyro- §
stabilizcd platform. Drift creates an angular crror which is mecasured by 3
the radio sextant and used to correct the platform's gyroscopes, It is
more convenient to design the installation so the sextant antenna will be
stabilized with respect to a line comnecting the center of the antenna v
with the center of the source on which the bearing is being taken, rather
than with respeet to the vertical., Figure 47 illustratces the operating
principle of a radio sextani with this type of gyrostabilization. Deflec-~
tion of the source from the equisignal direction in the horizontal plane
1 will cause an error voltage to appear at the phase detector output, This
' voltage is =upplied to “‘he torquec motor, s, in ‘he azimuih channel, 5. The
E gyroscope begins to precess around an axis parallel {o the Y axis, tlaking

bl o i )

along the antenna base, 12, to which the anteuna, 13, is attached. 7The
equisignal zone once again aticupts to line up with the direction to the

4 source on which the bearing is being taken, Once lined up, the error

A signal at the phase detector outputl dis-ppenrs, gyroscope precession /ll{
ceases, and so too does the motion of the antenna basc. -

s Let us now supposce that an external disturbing torque acts on the

' ‘object on which the radio sextant is mounted, trying to displace the
cquisignal zone into the planc of the azimuth. This torque causes the
gyroscope, 5, to precess and this is accompunied by rotation of the
gimbal in which it is cuspended relative to the antenna lLiases The gyro-
scope ¢gimbal is comnected to the shaft of a sclsyn transmitter, 6, the
amplificd output voltage of which is supplicd to motor 11, The torque

developed by the motor, 11, is opposite in direction to that of the dis-
turbing torgue, and greater than it in magnitude, The result is to keep
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the angular position of the antenna unchanged with respect to the direction
to the source. An error in the vertical plane is haudled in exactly the
same way. This part of the circuit uses gyroscopce 8, torque motor 7,

selsyn transmitter 9, and power unloading motor 10. The drawback in the

simplest radio sextant is that the power gyroscopes used as the stabiliz-
i ing elements are quite heavy and large. This is why a somewhat diffcerent
< form of stabilization is used in practice (Figure A8). This arrangement
controls the position of the antenna with a special power drive, and the
kinematic elements used for tracking and stabilizalion are scparatc,
13
4
5
3
Figurre 48, A gyrostabilized
; : radio sextant,
3

As may be seen from Figure 48, the antcnna suspension systiom consists 3
of two suspensions (the imner, 1, and the outer, 2), cach of which con- 3
sists of two gimbals rotating arounud mutually perpendicular axes., The
4 iimer suspension is stabilized and functions only in the event of the /112
appearance of cxternal disturbing lorques, and does so in exactly the same
way as thal described above for ihe simplest gyrostabilized sextont,
The power gyroscopes in the tracking systiun have been replaced by a powver j
drive. The signals supplicd to the povwer drive input come from contact
transmitters when the gyroscopes precess as a resultl of deflection of the
axis of the equisignal zone from the dircction to the heavenly bLody in
question, The outer gimbal drive is, in additien, conmected to the cotme

pass trammitter, so the sextant will function normidly when the ship . E
is mancuvering,

b s i)

o andages i

Errors in measuring angulix coordinates with the gyrestabilizod soxe
tant have a two-fold dependence on the tine constani.,  The error in the !
bearing part of the instrument decrcases with incrcase in 7 on the one
hand, aund error causcd by drift of the gyrozcopes jncrcases with increase
in T on the other,

- vl

Figure 419 shows the curves for these crrors a¢ a function of 7 for

one of ilhe models of forcign 2 cm radio sextante,

The first radio sextants, Luilt with comparatively low rosponsoe
radiometoers, were designed for sun work only. Combination Sun=Moon
radio sextunts subscyuently were developed in order to increase t{he
time of possible use of radio sextants, and attempts even were made o
design radio sextants working on radiation from discrete sources, The
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latter task was grecatly co plicated by the low intensity of the radio
radiation from discrele sources, the most powerful of which, Cassiopcia,
emils radiation in the centimeter band that is less than thal from the
Muon by a factor in the hundreds, Accordingly, the rise in the antemna
temperature when working with discrele sources is extremely low (less than
0.,01°K), and is at the limit of the capabilitics of modern radiometric
apparatus,

And in this comnection, errors in measuring the coordinates of dis-
crecte sources are high,

A 4 cm radio sextant, for example, found the altitude of Cassiopcia

with an error of 40', The error in plo“ting the angular coordinates
of the moon with this samc sextant was 0,25',
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Agular radio sextant errors as a function of the 1l.f filter
time constanl, a - working with the Suny; b ~ working with
the Moon. Gyroscope drifi: 1 - 3¢/hr; 2 - 2°/hry 3 - 1°/hr,
Antermnna diameter: A ~ 57,5 cmy B - 70 emy; C - 91 cm.

Figure 49,
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According to the information in the foreign press, rodio sextants
are widely used in the navy and in aviation, The table lists data on
som foreign shipboard and airborne radio sextants,

Foreign submarines also use radio scextants, Modern submarines Zglh
have great endurance and can remain submerged for thousands of miles,
Navigaiion is by dcad reckoning, and characteristic of this type of
navigation is a tamporal accumulation of crrors. This is what has
posad the task of developing all-weather equipmeni for position fixing that
does noti require the ambmarine to surface. To this ond foreign countries
have developed special periscope radio sextants, the antenra systams and
h-f seclion of which are installed in retractable domes, su-called float
radio sextants also were designed for sulmarines. The arcenna and the
h-f hecad of the float sextant arec installed in a special airtight float-
dome that is towed along the surface by the submarine, which is running
submerged. The periscope radio sextant is part of the cquipment for the
self-contained SINS navigation system installed in American nuclcar sub-
marines,

The first models of airborne radio scxtants appeared in the United
States in 1953. They were solar radio sextants, designated the AN/SAN-25,
operating in the 1.9 cm band, The sextant used a round parabolic antenna
with a diameter of 60 cm., Weight of the units comprising the instrument
was 45 kg (not including the gyrostabilizer). Radio sextants in the & mm
band subsequently were developed for high-altitude aircraft. The mockup
of one such radio sextant designed in the United States has a 38 cm
diameter antenna and can measurce the sun's angular coordinates with an
error of about 1',

Further development of the idea of a gyrostabilized radio sextant
led to the designing of unified radicastroinertial navigation couplexes.,
Examples of these complexes are the homing system for the American inter-
continental aircraft-missile known as Snark, and the SINS systom already
mentioned, Also known is the fact that the United Siates hus developed
radioastronomy systems for controlling the launching of missiles from
surface warships., The system works in the 4 cm band, and can receive
signals from 12 discrete sources, It has been proposcd that similar
systems be installed at United States missile test ranges, /115

American specialists are of the opinion that radio sextants also
can be usced for navigation by radio radiation from salellites, as well as
for ilhe ncoeds of space navigation, topography, and goeodesy,

Data in the forcign press suggesi that future inmprovements in radio
sextants will be along the following Jinces:

1, the development of low-noise radiomcters using quantum
mechanical and paramctiric amplifiecrs;

2., the development of millimeter band radio scextants,

Passive radays for aircrofi navigation, As we have pointed out
above, it is impossible lo muke a direct measurcement of the Doppler shift
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in own thermal radio radiation by usi.g a single-channel passive radar,
Thercfore, the proposal was made at an carly stage in the development of
passive radar that in order to determine track speed the Doppler shifts

in natural radio radiations from nonterrestrial sources reflected from

the terrestrial surface be measured, or that the spectrum of the 1-f

signal in terms of the scanning rate be used, /116

H e
Figure 50. Measurement of ground

speed by Doppler shiftis
in intensifying radiations.
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The first melhod of me.swring ground speed involves the installation
on the aircraft of two beam antennas, the patterns of which are oriented
down=forvard and down-aft (Figurc 50). The antennas receive radio radia-
tion from the sun, or cosmic radio radiation reflected by the terresirial
surface. Sincc these signals are the same "intensifying" signal with
different Dopplev shifis, thediffercnce Doppler shift, which is propor-
tional to the aircraft's ground spceed, can be isolated.

L 2= Oy e L
/1
&
i
H /\l Pec
/\%:' I'igure 51. Mcasurement of ground
/ / speed by th- spectral
| / analysis of output
vignals,
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The scecond method for neasuring ground speed has the pattern oscillate
back and Lorth in the vertical plane at & slrictly constant angular rate
(Figunre 51).  In this scaunming method scareh is at the rate W + Oqu when

the antenna patltern is moving forward, and at the rate W - Qﬂc” when the
pattern is moving aft. )

The spocira of antenna teuwperatuvres too will differ when the patterus
are woving forvard and aft, and this diffcerence will depend on the magni-
tude of the grownl speed,

The possible nethods for measuring ground speed described have been
simplificl on the assumpltion that only one component of the ground speed
vector need be measwred,  Delormination of the second component requires [117
an increase in the scmber of anmvennas, just as is the case in radar
(l)upp](-r) ground spoad measurclrs,
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There were reports in the foreign press in 1966, to ihe effect
that the United States was looking into the feasibility of using passive
radar to provide navigational support to aircraft and hcelicopters of
Army aviation. As these reports pointed oul, it was belicved to be
completely feasible to develop passive radars 1o automatically track
ground landmarks, as well as passive radars for measuring speed and
altitude. Onec article describes a speed measuring method based on using
a two-channel passive radar with a correlation receiver.

Figure 52, Principle involved in measur-
ing ground speed using two-
channel rcception,

The antenna patterns associated with ecach of the channels are
oriented as shown in Figurce 52, If both patterns lie in the vertical
plane passing through the ground spced vector, changes in radio bright-
ness temperatures recorded by the after channel will have a tempocal
lag with respect to the changes reccorded by the forward channcel of

T, = H sin @/W.

Since angle « is known, the relationship between altitude and speed can
be dcetermined by determining the lag time with a correlation receiver and

an adjustable delay line. Flight speed can Le found when the altitude
is known,

Figure 53 is the functional diagram of a passive radar for measuring
ground speed.

Azinuth
. T, e e e o e [
draive
unit
T"”““] Multliplier —» Integrator «——-—j g
Vertical Anterma—t=ae 2-channel -
— o .
sensor unit —f——radioneter
\\\&~ Variable Delay control
delay *‘LT— device
) W n .
Heading Dead reck-  Speed Altitude

__..>— 3 . G e «-——-
sensor oning unit computel sensor
Coordinates
Figure 53, Functional diagram of a iwo=chamel ground speced measurer,
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lassive radar techniques also can be used for spacecraft navigation.
Of greatest interest bore is the design of thermal radio horizon sensors
for orienting spacecraft in orbital flight, As distinguished from the
presently used 1R horizon sensors, the thermal radio sensors are not
affected by the noise in the reflection of solar radiation from the /119
clouds covering the earth, so can provide greater below the horizon -
iracking accuracy.

Two types of such sensors have now been developed, follow-up and
scanning., 7The drop in the radio brightness temperature between earth
and sky causes follow-up sensors Lo generate a signal that reverses
antenna direction., This produces osciliating antenna patterns in the
vicinity of the horizon. Scanning scnsors measure the time-dependent
position of radio brightness temperature pulses that occur as the antenna
pattern passes through the "sky-~earth-sky" line and form the correspoending
error signals., This is the principle underlying passive radars designed
to warn the aircraft that it is in danger of hitting various obstacles,
A signal, the phase of which depends on the apparent angle of the horizon,
is formed when the forward hemisphere is scanned in the vertical plane
by a narrow, ncedle beam, The horizon angle, and its rate of change,
thus can be determined, Flight safely is guaranteed when these magni-
tudes are kept within prescribed limits (Figure 54).
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Figure 54. DPassive radar operating principle ensuring overfliglt of
obstacles,

The United States is sludying the feasibility € using passive radars
in landing systems, and in particular for setting aircraft down on a run-
way. It has been established that concrete runways can be seen reliuably
by a 3 om passive radar, even in heavy rain (25.4 mm/hr). It is suggested
that "cold" or "hot'" markers be installed along the edges of a runway /120
to improve passive rador visibility, -

Detection of Afr-Space Objects By Passive Radar,  lse of Passive Radar

for Missil)c¢ Homing,

The firsl reports of ihe developuent of passive radar for air space
surveillance appeared in the foreign press in 1959. Under development
abroad today are passive radar equipments for detecting space, as well
as air, objcels, The Uniled States, for example, is engaqed in research
in the feasibilitly of using passive radar t~ detect ballistic missile
varheads al {the time they enter tbe atmosphere. As is known, a body
entering the atmosphere at high speed will heat up very greatly. A high-
temperature plasma layer forms on the surfaces of such bodies, and this
causcs intensive thermal radio radiation, while simultancously reducing
~adar contrast, The jet engines installed in modern high-spced aireraft
are powerful sources of radio radiation. The acrodynamic hcating of the
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skins of high-speed aircraft also coulribules to increasing thermal radio
adiation. These are the principles thal give Amcrican expertls reason

{ 1o believe it is feasible to use passive radars for homing air-to-air
nissiles. The passive radar coordinates of homing missiles have two great
advantages as compared to those obtained using conventional radar. Onc

is the high degree of stability when working at short ranges (because

the harmful effect of "scintillation" is absent). The other is complcete
secrecy. 1t is this latter advantage that is particularly important
because it deprives the encemy of the possibility of gencrating effective
spot jamming,

e 2N

And it is considered that the possibilities for using passive radar
in air-to-swface missile homing systems are good., The relative ineffec-
tiveness of existing guidance systems has forced the American Army to
begin the devclopment of a series of guidance systems that utilize new /121
physical principlese The work along these lines has been combined into -
a special program, 6G79A, one of the main purposes of which is to develop
passive radar for air-to-surface misgile guidance system:s, The United
States Navy also has placed an order for a passive radar guidance systom,
ihe final sectlion of which will operate in the millimeter band, The
antimissile defense forces in the Unsted States are showing an interest
in passive radar guidance systems, and they are of the opinion that
miniature target coordinates, acling on the passive principle, are nceded
for antimissile defense systems,

Figure 55. Construction of an anlenma for a passive radar homing head,

1

A number of American firms alrcady have developed the basie com-
ponents for passive radar guid-nce systems,  Spies General, for examploe,
hos produced a SHFY head designed foir u=e 1o an aire-to-surface passive
radar system. The head contains a multibeam born-=lens antenna thatl is
well within the linits of the missile dimensions, One lens, in the form
of a cylindrical ring (Figure 55), forms all beams.  The head can be very
simply butted to the adjacent missilce compartments because the outside
diameter of the lens is equal Lo the diameter of (he missile body, .1122

A cylindrical unit of Yworn radiators, located inside the lens, is
used 1o form the individual patterns, The horn sadiator rulers are
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positioned along the generatrices of the unit's cylindrical surface. The
antenna uses a total of GO such rulers, cach of which contains 24 radia-
tors, Circular scamming is accomplished by switching the feeder flanges
of ihe waveguides for the rulers. Scanning in the plane of the gencratrix

is accomplished by intreducing phase shifts between the horns of like
rulers.

Also suggested is the use of passive radars to detect satellites
and. nuclear bursts in space. Calculations made using the formulas cited
in chapter 3 show that the range at which air-space targets can be

delected can vary from a few Kkilometers to scveral tens, and even hun-
dreds, of kilometiers.

Scientific Applications of Passive Radar

Passive radar (radiomeiric) methods are widely used in plasma rescarch
to delermine radiation iuntensity, electron density, and other plasma
parameters.,

Passive radar has beenin use for several years now in physical research
in the almosphere. Study of thormal radio radiation from the almosphere,
and of absorption in the atmosphere of extraterrestrial radiation, will
yield data on the distribuiion of temperatures in the air masses, on the
nature of turbulence in the almosphere, on the concentration of water
vapors, and so on, Use of passive radar in meteorology will make for
better research in the structure of cloudiness, storm fronts, and the
different types of precipitation. Therc is information about the success-

ful usc of passive radar at some of the mecicorological stations in the
United States,.

Some time should be taken to discuss, in particular, the use of
passive radar in geophysics and hydrology. Foreign countries began to
use passive radar to research terrestrial rocks several ycars ago. The

cffectiveness of passive radar as a geophysical tool can be explained 1123

by the fact that the thormal radio piciure of the terrestrial surface

can "tell" the scicntists the physical tamperature of the terrestrial
surface, as well as a gicat deal about many of its other Features, includ-
ing =0il propertics and moistwe, and so on, Highly important is the

fact that passive radar methods can be usced to study the terrestirial
surface in the winter time, particularly to determine the thickness of

the snow and ice coverings of different scections of the land and water
areas,

‘nssive radar can be used in hydroloacical research to detecrmine

“water temperature wurl the dircelions of current flows, as well as to

determine sca statc,

Passive radar has made quite a contribution to the study of the
physical structure of the atmo:pherce. Here it is Soviet scientists who
have played a leading role. In recent yemrs diiey have made a series
of studices of theormal radio radiation from the atmosphere in the centi-
meter and millimeter bands,

In conclusion, let us pause o consider one intriguing prospcct of
the use of passive radar in physicotechnical rescarch, There are many
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branche  of science and enginceriug where a real problen is that of measur-
ing the distribution of temperatures over the interior volume of various
physical bodies. This problem usually is resolved by installing contact
temperature scensors al the pointls where measurements must be made. There
are scerious inconvenicuces in ihis solution in the majority of cases,

and therc are times when it is absolutely impossible Lo use this approach,
The use of noncontact temperature measurers in the IR baud is precluded
because of the heavy attenuation of infrared radiation in the majority of
solid bodies,

Howvever, many solid bodies have low conductivity, so do not greatly
attenuate radiation at radio frequencies. Thercfore, thermal radio
radiation emanating from decp within these boiies is propagated beyond the
limits of the bodics, and we can determine the temperatures in the various
seclions of ilhe body under study by measuring radiation intensity. Need-
less to say, this does require the use of special antennas that can
separate the components emanaling from striclly localized sections of 11124
the space from the total emission,

The potentials of passive radar are by no means limited to thosc
discusscd above. Thare are those in foreign countries who believe that
passive radar can be uscd to advantage in scceret communication systoms,
in warning systems for guarded territories, and in solving many other
technical problems,

Comparative Features of Passive Radar, Conventional Radar, and Iunfrared

Equipwent in Brief

We have familiarized ourselves with the physical bases of passive
radar, and with the elements involved in its engineering. But if we are
to judge the feasibility of usiug passive radar for sowme one particular
purpose, we must have a good understanding of the advantages and dis-
advantages of passive radar as compared with conventional radar and infra-
red dircction finding,

Presented in bricef in whal follows are comparative features of the
main properties of passive radur, convenlional radar, -nd infrarcd cquip-
ment that cen be helpful in evaluating the feasibility of using passive
radar to perform spnreific tasks,

The properties (hal will bhe compared will be taken up in the follow-
ing order: (1) naturc of possible targets; (2) range: (3) influence of
meleorological conditions on range; (4) measurable coordinates of targets;
(5) accuracy and resolution in measuring coordinates; (6) noise immunity;
(7) reliability; (8) dimensions, weight, power consumption; (9) manu-
facturing cost and operating costs,.

Nature of possible targetls and anfluence of backagrounds

The most favorable case that can be coufronted by a passive radar
is that of approximalely equal apparent temperatures of object and back-
ground,
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The primary targets for infrared equipment are bodics with an elevated
thernodynamic temperaturc, 1f these bodies do not have high conductivity
they create intense thermal radio radiation, 1135

lassive radar can have an advantage over IR it truments if the thermo-
dynamic temperature of object and background are low because the response
of the IR instruments decrceases rapidly with decrease in temperature,

Conventional radar Fus an advantage cover passive radar in detcectling
weakly radiating objects against "cold" backgrounds, while IR techniques
have better capabilities for dcetecting heat-radiating, conducling objects,

Passive radar range is dgrecauvly dependent on target size, and on its
contrast with the background.

Passive radar will show greater ronge than conventional radar and
infrared cquipment when working with large targets with greater contrasti,

The literature indicates that the simplest airborne passive radars
can detoct ice apainst the background of ithe sea at a greater range than
can airborne panoramic radars.

Passive radars that measure the thermal radio relief too can have a
long rauge because there is little dependence of signal level on range
in this caseo.

There is no question of the fact thal conventional radar has the
advantage when it comes to delecling good reflecting, but weakly radiating,
objects, because in this casce the acceptiable signal level can be achicved
at moderate transmiticr powver levels,

Passive radar range can be longer, or shorter, than that of IR
instruments, depending on the nature of the tarqet (scc above),

Iuflucince of metecmological conditions

Passive radar is only slightly subject to the influcnce of metcoro-~
logical condition: as compined to conventional radar, because in the
casc of the passive radar the propagation of energy is unidirectional,

From this point of vicw, iufrared teclmigues generally cannot con- /120

pete with radiotechnical cquipment beeause IR equipment cammotl even cope
with dense fog, let alone cleudiness and precipitation,

Mcasuvable coordinates of tavgets

Conventional radar is better than passive radar when it comes to
neasurable coordinates, beciutze single-chaimel passive radars cannot
measure raugee  Moreover, pas:sive radavs, as distinguished srom con-
ventional radars, camnot directly measure the speed at which objects
observed are moving.
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However, interfceromcter passive radars can measure the difference
in Doppler shifts proportional to the angular rate of displacement of
the target, something that is impossible for IR instruments to do.

Accuracy and resolution

Passive surveillance radars can be comparced with conventional sur-
veillance radars when it comes to the accuracy with which angular coor-
dinates can be measured, and can be even better than the latter if inter-
ferometer methods, or complex antenna arrays of the '"cross'" Lype, are
uscd,

The accuracy of passive tracking radars obviously can be somewhat
better than that of convenlional tracking radars because passive radar
is not subject to the "scintillation" effect,

Passive radars are not nearly as accurate in fixing range as con-
ventional radars, and are poorer at doing so than IR equipment,

The angular coordinate resolution of passive radars is of the same
order of magnitude as that of conventional radars becausc in both cases
this magnitude is determined by the angular dimecnsions of the antenna
pattern,

We should point out that this docs not apply Lo airborne passive
surveillance radars that use (he principle of temporal synthesis of
antcennas,  Their resolution is extremely high, approaching that of
optical observation equipment,

IR instruments too are better than passive radars in terms of angular
resolution, IR direction finders, as is known, can have a resolution
of the order of minutes, somcthing not yet achicved in the case of passive
radars,

Noisc immunity

The relative noise immnity of passive radars can be confirmed as
follows,

On the onc huand, passive radars arc much more susceplible to the
influence of noise than are couventional radars because of their high
degree of sensitivity, the broadband nature of the receiving cquipment,
and the absenee in this equipment of fregnency-time selection, On the
other hind, passive radirs unquestionably have the advantage over cone
ventional radess with respoect to orginized noise, Passive radars,
because of the complete scerecy with which they work, camot be jammed,
by frequency spot jamming, or by radio relay jaming. Morcover, there
no longer is the threat of the cnoemy using means of destruction that can
home in on the radiation from radiot~chnical equipment,

The noise immunity of IR equipment is less than that of passive
radars because artificial noise can be generated in the IR band,
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It is difficult 1o make a completely comparative evaulation of
reliabilitly becausce of the many design differences in passive radar,
conventional radar, and infrared cquipment, We therefore will) assume
that those subassemblics and cowponents that are common te all three are ;
cqually reliable,

Given this assumption, it can be asserted that passive radars are
much more reliable than conventional radars.

The following cin be asserted on the basis of availahle data on the
reliabilily of individual components:

1. passive radars, as compared to conventional radars, have fover,
and morc reliable, components,

Indeed, the reliability of the antemna-feeder installation for passive
radars is ¢greater becaunse thoere is no danger of the ircakdown that eanists
in the casce of conventional radirse The reliabhility of the radiometar
is greater than thal of the conventional radwr receiver, becanse the latter
usually iz rore complicated,

Finally, the reliahility of conventional radars deteviorates /108
because of ihe presence of a synchronizer, lransmiiter, and T-R =witlch.

We should point out that the introduction of the latest semiconductor
and molclecironic techniques should make it pos-sible to increasce tlie
reliabilily of passive radars even further, because eleatvovacuum parts
can be donce away with coumpletely, something that is jwpossible in the
case of conventional radars;

2, passive radars and IR direction finders arce comparvable in reli-
ability beecause while the clectronic scction of the 1R dircection finder is
gimpler, it usually includes comparvalively Jew—reliability eptical scan=
ning and receiver cooling systems,

Dimen=ions, cqnipment_wveight, pover required from_supnly sourcces

The dinensions and wveight of pas sive radars are less than those of
conventional yadars beciusze passive radars do ol necd such heavy and
cunbersome mitts as a transaitter and synchronizer,

The veighl and size of passive ralia amtamnas can he somewhat higher,
however,

Pas<ive rodar pover requirencents: are aeclr lower becau .o there is no
transmitter,

We should point ocut that in the future passive radars can be boilt
entirely frowm semiconductors (using paramctric amplificrs as the h-f
amplificrs, forr eximple, sanj-condnctor diode frequency mual ipliers as
pwap oscillators, wnl tumnel diode: as heterodynes)e  These passive
cadars will require very little pover from supply sowrces,
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So far as IR instruments are coucerned, their weight, dimensions,

and power consumption are of the same order of magnitude as those for
passive radars,

Equipment cost and economy of operation

We already have pointed out that passive radars have fewer, and
simpler, componenis then conventional radars. This meins, of course,
that passive radars arc clicaper to build than conventional radars. In
this regard, passive radars can have an advantage over special IR
equipment as well, becausc the latter require cxpensive optical systoms
and radiation rcceivers,

So far as operating costs are concerned, here too passive radars
have an advanlage over conventional radars because, first, they require
much less energy from supply sources, and, sccond, they can be serviced
and repaired by less gqualificd personncl, We also should point out that
passive radars have no need for equipment tc protect service personncl
against h-f radiation, equipmert that adds . operating expenditures,

1R instiruments can be equated to passive radars from an operation
point of vicw,

Passive radar is a young branch of radioelcectronics, so it is only

natural that its practical achicvaments still lag behind its theoretical
capabilities,

Nevertheless, the procoss of 1epid introduction of passive radar
equipment into the various branches oi military affairs and the national
economy has already beguu.

This last chapter has shown that passive radars can be used success-
fully in a number of radioelectronic complexes for surveillance, navie
gational, and other purposcs,

Passive radars also have been called upon to meet the domands of
rapidly developing astronauties, where ithe use of passive radars in many
cascs is more advantageous than uging conventional radars because of the
advantages to be gained in overall dimensions, equipment weighit, and
cluectric power consumption,

Good resulis have been obtained in many peaceful applications of

passive radar, in the ficlds of geophysics, hydrology, and tcteorology,
in particular,

Finally, it is impos.ible to forget still another intriguing pros-
pect of passive radar; its potentials for use in making noncontact
measurcments of internal tewmperatures of
something that is veory important in many
an'l in a nuber of the applicd sciences,

various bodies and objccts,
areas of industry, medicine,

Finally, an indispensable conditlion for the widespread use of
passive radar is further technical progress,
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llere the task of mastering new, shorter frequency bands, the
development of new models of broadbtand, low-noise, h-f amplifiers, seck-
ing ways to build passive radars more rationally, and new methods for
signal processing and measuring coordinates, is an extremely urgent one,

All of this will make it possible to bring passive radar performance
indices close to those potentially attainable,
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