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PREFACE

This Memorandun is a result of RAND's continuing study of radar tech-
nology. It deals with the theoretical background of a possible exotlc
radar which could offer unusual operational advantages. In the light of
the present study such a radar does not appear feasible, but further
theoretical and experimental work on the subject is indicated. The author
is a comsultant to The RAND Corporetion and is President of Glenn Preston

Associates, of Upper Darby, Pennsylvania.






SUMMARY

Devices which can detect and track objects in space passively, without
the need for active RF emanations from earth, have potential valqe in mili-
tary operations because they give tactical information without revealing
their own locations. This study considers the possibility of the passive
detection and tracking of objects in space near the earth by using the radio
frequency energy from the sun and from certain radio stars., The study has
sought to determine whether the computed detection ranges for possible
stellar radars compare with those of medium-power active radars. On the
basis of available data they do not. As a surveillence device for the
reasonably near future, the stellar or solar radars are apparently only
useful in situations which absolutely preclude active RF emenation and
where modest detection ranges are valuable,

Substantially greater ranges could be achieved if cross-correlation
detectors having -80 db detection sensitivity or greater were to be
developed, because in the stellar radar we escape the burden of increasing
detection range against the inverse fourth power range sensitivity law

under which active radar technology has labored.
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I. INTRODUCTION

The earth and space about us areilluminated by radio frequenéy energy
from the sun and stellar sources. In this study the possibility is con-
sidered of detecting and tracking objects in space passively by this illumi-
nation. Passive surveillance devices give tactical information without re-
vealing their own locations; this is their foremost appeal.

The initial purpose of this study was to determine whether the camputed
detection ranges for state-of-the-art system parameters of stellar radars com-
pare with those of medium-power active radars. On the basis of available ra-
diometer data(l’ 2,3) this is definitely not the case, and in that respect
this report presents a negative result. As a surveillance device for the
reasonably near future, the stellar or solar radar is apparently only use-
ful in situations which absolutely preclude active RF emanation and where
modest detection ranges are valuable (fram 30 km against 1 m2 cross-section
targets to 1000 km against 1000 m2).

Particular abttention must be directed to the "incoherence loss" of the
solar radar vhich is due to the finite angular size of the solar disc. When
this effect is ignored, grossly misleading results are obtained. In that re-
spect an intriguing possibility raised by this report is that of optically
compensating the incoherence losses. A theoretical existence proof for such
a device is given below, but the matter deserves the attention of a competent
if not gifted inventor of RF optical devices.

The scheme analyzed here uses ccherent cross-correlation detection.

For theoretical as well as practical reasons this means of detection is more
sensitive (for equal dwell time and hence search rate) than radiometers. The

integration losses are smaller, and the useful signal energy does not general-
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ly fall at zero frequency. Optical radicmetric means (the mechanism of humen
vision) are out of the question at radio frequencies; the illumination is
much too feeble for useful detection of targets against the ambient sky-
noise., Moreover, the cross-correlation scheme gives target range while ra-
diometry does not.

The final range equations (Egs. (17), (18), (19), Tables 3, 4, 5) are
not encouraging, except that the factors which limit the useful surveillance
range are practical, not fundamental theoretical ones. Greater detection
ranges then those given in these tables can be realized by utilizing the
virtually unlimited bandwidth of the radiation spectrum. Appreciable energy
is found in the solar spectrum at all frequencies for which we have measur-
ing instruments (except for absorption lines), and the energy spectrum of the
radio stars closely resembles that of the sky noise so that the ratio of
stellar RF power to sky noise power is practically constant over the spectrum.
However, the absolute stellar RF radiation power falls to minute levels in the
microwave frequencies, leaving a potentially useful spectrum about 1000 Mc
wide.,

For this application no fundamental fact kumown to the author precludes
cross-correlation detectors having -80 db detection sensitivity or greater.
And in the stellar radar and the optically compensated solar radar we escape
the burden of increasing detection range against the inverse fourth power
sensitivity law under vhich active radar technology has labored.

The super-sensitive cross-correlation detector (-80 db and up) offers
a multitude of opportunities for inventive designing. It is fertile ground
for the extensive application of sequential statistical analysis ,(l*) for
example. The applicability of super-sensitive cross-correlation and matched

filter techniques in active radar merits serious immediate study. Apparent-
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ly detection semsitivities of -60 db to -70 db with 20 Mc bandwidth can be
obtained with state-~of-the-art components.

This treatment is not general in that it restricts itself to isolated
intense sources (the sun and radio stars) whereas all of the radiant energy
flux scattered by a target conveys positional information. A more general
theoretical treatment might give a brighter image of the future of passive
ranging and detection by stellar and solar RF illumination.

The possibility of detecting targets passively at useful range from
their scattered RF stellar radiation using cross-correlation techniques was
suggested by C. Wiley,(5 ) and independently by the author and I. S. Reed (of
The RAND Corporation) and others. The appealing feature of such & scheme is
the absence of the ré.dar transmitter. Not only are there situations in which
silence is golden, but the elimination of the transmitter, and hence, the TR
(transmit-receive function) avoids campramises in the design of the radar
front end which adversely é.ffect receiver sensitivity and contribute heavily
to the cost of manufacture, installation, maintenance, and assoclated logis-
tics. The known stellar radio frequency sources which are sufficiently ener-
getic to give useful detection ranges are the sun and the radio stars Cassio-
peia A, Cygnus A, possibly» Centaurus A and others.

In this note the range egquations for the stellar and solar radar are
developed and some of the most genexral features of their physical embodiments
are considered.

The detection sensitivity for the radio-star radar (applicable also to
a form of the solar radar in which the distributed source effect is partially
compensated) is an inverse square function of target range. This is in con-
trast to thé inverse fourth power law of active radar, which is refreshing

since the detectability of a target is dependent on the effective solid angle
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which it subtends at the receiver and not upon the solid angle subtended

by the effective radar cross-section from the target. For that reason those
who are unimpressed with the camputed range of the stellar radar against
small targets (as compared to active radar) are invited to make similar

range comparisons against large targets (pleanets, for example). Owing to

the fact that the sun is a distributed source of energy, the oubtput signal-
to-noise ratiol/Q;I:i‘és inversely as the fourth power of target range. For this
reason the solar radar can be equated in power to an active radar having

equal search rate and antenna gain (Eq. 20). The radio stars are, in ef-

fect, presumably point sources.
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II. POWER CONSIDERATIONS

lNOISE

The interfering noise which limits the detection sensitivity of this
type of sensor is principally from two sources; thermal receiver noise and
"sky noise." If the receiver input impedance were matched to the antenna,
the thermel power density (NE)T (all through the RF spectrum) would be kT,
where ?R is the receiver noise temperature. We may assume that brightness
Bo from sky noise entering the antenna is nearly constant over the antenna

pattern, in which case the received power per unit bandwidth

independent of the antenna aperture (since the angular area of the receiving
beam is inversely proportional to its effective cross-section). Because of
this (No)S can be equated to a thermal source of temperature Ty = TN(x) by
the relationship (NO)S = KT
The energy received from discrete sources is dependent on the para-
meters of the receiving beam and it is inappropriate to characterize these

measurements by an equivalent temperature.

The total interfering noise power per unit bandwidth then is

N, =k (TR + TN)

Maps of the sky temperature have been compiled for frequencies between
1
20 and 1000 Mc.( ) The observed temperatures of various regions of the
sky cover a range of ten to one at most frequencies; roughly (105)O Kelvin

at 20 Me falling to 10° Kelvin at 1000 Mc (see Table 1, page 26).



SIGNAL

If the source is sufficiently localized that the antenna pattern is
reasonably constant over the source (whose total radiant energy flux per

unit bandwidth is F) then the received power

P==FA

o=

where A is the effective cross-sectional area of the receiving antenna
(the receiving antenna is responsive to only one polarization component,

hence the factor %).

SOLAR RADIANT ENERGY FIUX

Although the solar RF spectrum as observed at the bottom of earth’s
atmosphere is not actually black body, the solar energy flux is characteri-
zed at various frequencies by an equivalent temperature TS.

Since the power spectrum of solar radiation as observed on the earth
is highest in the frequency band of human visibility, the wavelength at
radio frequencies i1s comparatively so long that the spectral density of
radiant energy flux at the sun's surface is very accurately given by the

Rayleigh-Jeans law

Eszk
E(f) = —5 (1)
A
(Ts is the effective sun's temperature at frequency f = %). The total
a
energy spectral density from the sun is thus 2x kTS —g s Where ag is the
A

sun's surface area. This formula gives the power per unit frequency
interval Af, whereas physicists give the energy density per increment of

wave number A‘(EE) . The mean flux of solar RF energy per unit of bandwidth

A QﬁkTs ) 2
at the earth is then F = 5 (5) where @ 1s the angular width of the
} A
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2 21

solar disc, about .93 x 10 . This amounts to about 10™“ watts per sq m

per it bendwidth at A = 1 m, vhere T, is (106)° Kelvin or so.(3)

THE RADIO STARS

The radio stars (Cassiopeia A, Cygnus A for example) are astounding
sources of RF energy, not only because of their great strength, but also
because of their remarkable energy spectra. These spectra reach their
maxima at about 10 meters wavelength and fall off rather sharply at higher
frequencies (about 10 db per decade of frequency) and even faster towards
the longer wavelengths.(e)

The flux density per unit bandwidth at 10 meters wavelength for the
strongest measured radio star, Cassiopeia A, is 4 x lO"22 watts per sq m.
At wavelengths longer than about 4 meters the flux from Cassiopeia A
actually exceeds the thermal component of the solar flux. The measured
flux density per unit bandwidth for the sun and Cassiopeia A are reproduced
in Fig. 1, taken from Ref 3.

Below Cassiopeia A in power are Cygnus A (2 db weaker), Centaurus A

(about 8 db), Virgo (about 10 db) and others.

SPACE LOSSES

There are three sources of space losses; 11, the fraction of the
source's radiated energy which is scattered by the target; 12, the fraction‘
of scattered energy which is effectively collected by the search antenna;
and L3, the fraction of the source's energy which is effectively collected

by the reference antenna,

These are given by the formulas,



Fiux density(watts per square meter, cycles per sec )

|O-I9

Sun

i O—ZO

S,
m

L
Cassiopeia A
lo—22 /
'0-23
|O-24
0.0l 003 0.1 03 | 3

Wavelength in meters

Fig. {—Measured RF flux density from
the sun and Cassiopeia A
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L =—>
haRo
A G
1 1 a2
-1 - (L)
I (n)> T (2)
. L
3 2 2 ‘r
bR (4x)

in which ¢ is the target side-scatter cross-section, Al is the effective
cross-section of the search antenna, A2 is the effective cross-section of
the reference antemnna, RST is the range of target from RF source; Rsr is

range of radar from RF source, r is target range from radar, and Gl and

G2 are the approximate antenna gains. Clearly, RST = Rsr = R,
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IITI. CROSS-CORRELATION DETECTION

THE RELATION BETWEEN TARGET GEOMETRY AND THE CROSS-CORRELATION FUNCTION

The system contemplated here is comprised of a pair of antennas and
assoclated receiver, one of which, the reference receiver, tracks the
stellar sourcé while the other searches., The temporal cross-correlation
function of the two receiver signals is computed, from which the presence
of a target can be found, and its range compute&. Target azimuth and ele-
veation may be measured from that orientation of the tracking antenna at
which maximum signal power is observed.

Designate by np(t) the noise emitted by the p'th element of the stellar
source--assuming the noise generated at separate elements to be statisti-
cally independent--then the noise scattered by the target and reaching the

receiver is (after being filtered by the receiver)
‘ [, . p
T(t) = E, al(p)np t - = ) ,
o -

rlp being the sum of Rp ( the distance from the p'th element of the source

to target) and r (the target range from the receiver).
r

The reference signal, S(t) ==}; aé(p) t - —%E , and the ensemble

n
D
average, signified by brackets < >, of their lagged product

i ' r
< g(t,T) > = S(t)T(t - 1) =z ap2 ¢ |+ - —@-—c—?-l’ (3)
b
The function ¢ is the Fourier transform of the power transfer function S(£)
of the two receivers (which we assume to be the same).

Because of the variable time lags T = % [rlp -_rep] of the signals



originating from the different source elements, the corresponding cross-
correlation functions--which are the useful signals--will not add up in
phase generally. This lack of coherence (following the multiplier in

the cross-correlator), if it cannot be compensated, seriously degrades the
detection sensitivity for the solar source. There would be no coherence
losses from radio star sources if they are in effect point rather than
distributed sources. The guestion of the actual angular size of the
radio stars could be settled by a fairly straightforward experiment using
the theory developed herein.

The range difference rlp - =7 [} - cos(e + api] is dependent upon

2p
the angle 6 + ap subtended at the receiver by the target and the element
p (6 is the angle subtended by the target and the center of the stellar
RF source), However, the range to the element p does not appear, since earth's
range from the sun (and a fortiori to the radio stars) is so very much
greater than the maximum target range r for reliable detection.

The target velocity (but not acceleration in the case of ballistic
objects or aircraft) is an important factor in the correlation process.
Thus over intervals of time comparable to the integration time of the .
cross correlation detector rmr_+ Vt, 6~ 6 + ot (we may ignore dp) and
I‘{l - cos(o + ap) =T (1 ~ cos Qo) + raap sin 90 +-[}b0 sin 90

+ v(1 - cos 6, + @, sin Oo) t, since terms in 2 may be neglected.

We write
rO
L (L - cos o) (4a)
o
T, =3 G sin o, (4b)

e=l|:r 6 sin © +v(l-cosQ):| (ke)
c| o o o
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and

o, sin 6 (4a)

ol

e =
P

(this term will be omitted since it is small compared to €) in terms of

which

c

¢(w : M) Blry- 7 - ot) (5)

Owing to the presence of ¢t in the argument (¢ is an ensemble average)
the cross-correlation process is seen to be non-ergodic. The theory of

such processes is given in Ref. 7.

THE SOLAR RADAR CROSS-CORRELATION DETECTCR

We will first apply Eq. (5) to the theory of the solar radar; the
theory for the radio star sources is a special cagse of this.

We assume the post-multiplier signal amplitude from the p'th area
element of the sun's surface ap2 = alp a2p to be proportional to the area of
that element and to be a function of the angle between the ray (to either
the target or the receiver) and the surface element. To compute the
sumpation (Eq. (3)) it is convenient to make a polar coordinate system

with origin at the sun's center and polar axis orthogonal to the line from

the sun's center to the receiver and in the plane of the target, radag and
PR

sun. Call the polar angle p and the azimuth angle {. Then a.P2 = as

s

£(u,C) sin p dp 4C, where P = VP&?2 and P, is the total pover per unit

area radiated within the receiver passband (of bendwidth W) collected by
the reference antenna, while P2 refers to that which is scattered from the
target and received, and f(u,() is the normalized brightness distribution.
In other words, P2 = EZWEIEFQIB, vhere the L's are space losses and E is

the radiation density function of Eq. (1). The brightness distribution at
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(6)

various frequencies is in theory dependent on the coronal temperature.
A by-product of this study is the theory for inferring the brightness
distribution from cross=correlation interferometer-type observations.

We get a particularly simple formula if we take £({,u) = 2. With this

assumption, making the change in index of summation from p to p using the

relation Tp = EELE%E—Q cos p (we use the symbol 8 for EQLS%E-Q), we get for
211PRS2 7
< glt,T) > = — j dp sin p @let = 1 + B cos p)
s o)
P
-p = J ax ¢(et - T + x) (6)
P o

This is the useful signal term following the cross-correlator multi-
plier. To compute the maximum attainable signal-to-noise ratio, we next
consider the optimum filter for enhancing the signal term < g > with
respect to the noise fluctuations g - < g >.

A general theoretical treatment of the optimum filtering of the cor-
relation signal < g(t,t) > is given in Ref. 7.

*
The fluctuation term g(t,r) - < g(t,r) > has the power spectrum

*Because of the doppler coefficient ¢, the spectrum of the signal term
g(t,7) will fall at low (audio) frequencies. On the other hand, the inter-
fering noise following the signal multiplication is from two sources: -
fluctuations in the signal term g(t,rt) and the product terms containing the
thermal noise voltages. Designating the thermal noise voltages in the
search receiver and the reference receiver by N, and N ,<N12> = <Né2> =N
the product (with lag T in the search receiver voltage? is ©

g(t)T) = (T+Nl) (S+N2);
and
1N6
have been retained, since our primary interest is in the maximm detection
range, hence minimum-energy detectable signals--and, because of the

0g2=< [g(t,f) - g(t,'r):l % n l\TO2 + Py N_ where only the terms N02 and P
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<
»

(PlNO + Noz) j_w ar’ s(f’) s(f’ +f) whose main lobe is a passband at zero
frequency, which is roughly twice the (spectral) width of the receiver pass-
band. Over the comparatively narrow portion of the spectrum occupied by
the signal g(t,t) the fluctuation term will have the properties of white
Gaussian noise, with energy density (noise power per unit bandwidth)

©
(1911\1o + NO2) = ar Se(f).

The optimm filter for a signal of known form in vhite Gaussian noise
is one having an impulse response function h(c) which is the shape of the
signal reversed in time h(-o) = % Lf dxd(eo+x). This filter gives a peak
output signal-to-noise ratio equal to the total signal energy divided by
the (relatively constant) noise power per unit bandwidth. In this case,
the total signal energy for any fixed lag .r is

o ‘ 2
f b < g(t,7) >° = P 2 I_mdt I dx ¢ (et+r-x)

-C0

2l-cos 2nfp

o

= PP, -i— J af S2(f) 5
- (2nfB)

and the peak output signal-to-noise ratio from the cross-correlation is

03]
J ar Sg(f) o l-cos 2nBT
-0

(E) 1 Py P2 L (2x £B)
, ®F S (f) l cos 2an
- (2x £8)°
The factor L_ = — =1
¢ ar s2()

-

comparatively great detection sensitivity of correlation detection, the
minimum-energy detectable signal < T2 > = P, will be far less energetic than
noise. The reference signal power, on the other hand, must be greater than
N *

o



-15 -

l-cos 2% T <

(en £ gs)2
Because of the disastrous effect of the coherence loss upon the solar radar

(}ince 0 < %‘> is the incoherence (or distributed source) loss.

detection sensitivity, it will be discussed in a separate section. If
useful detection ranges are to be obtained Pl must be large compared to

N , in which case
o
S P2 1
AR AL (7)
o (o]

Since the optimum filter is dependent on the doppler coefficient ¢
for the target (which generally will not be known a priori) an array of
filters must be used corresponding to various discrete values of ¢ more or
less closely spaced. Where the reflector moves along a trajectory for
which e = 0 (the family of parabolas 1{}.- cos é] = k) an unlimited output
signal-to-noise ratio can be achieved, with the operational disadvantage
of an indefinitely great integration time. Where the target trajectory is
such that ¢ > 0, the integration time of the estimating filter will be

and the output of the correlation detector will repre-

approximately Elew
sent the target position and velocity with about that time lag. The peak
cross-correlation signal for such targets will progress through a sequence

of values (the argument T of the transitory cross-correlation function),

) dT
the lag for peak correlation changing at the time rate _EE = g,

DOPPLER COMPENSATED CROSS-CORRELATION

Since the rate of progression of the correlation signals through the
lag values T is known, it is possible in principle to achieve greater de-
tection sensitivity by storing the rectified peak output of the e,T filter
and adding it to the output from the corresponding e,T + AT Tilter taken

at time At = %I later. This will result in an increase in detection
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sensitivity by a factor which we shall denote by Gd. Although in theory
this factor can be increased without limit, there are practical limitations
arising from the complexity of the data processing apparatus; moreover, the
total lag in the output data is the sum of the lags in each of the ¢ filters
and, speaking generally, the utility of surveillance data declines with

age. On the other hand, the integration time (and hence data delay) for
each filter can be reduced by enlarging the bandwidth W to its maximum

practical value.
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IV. THE SOLAR RADAR TNCOHERENCE LOSSES

The factor LB represents a loss in detection sensitivity of the cor-
relation process attributable to the finite size of the source (the value
1 corresponds to B = 0, hence, also for o = 0) due to the failure of the
correlation signals corresponding to various portions of the source to add
coherently following multiplication.

Some appreciation of solar radar system design problems is obtained
by noting that the incoherence loss for an ideal passband receiver of band-

width W with center frequency fo is

sing sing B W
L 1~ cos 2x £ (8)

provided W << fo.

The greatest practically feasible bandwidth W (10 Mc) is the most
advantageous since the data lag is then least (for a given level of doppler
compensation G d) and for target ranges of 10 km or more~-where the target

is not directly in the sun (eo = 0)=-B W ~ 1 or greater and

L, m s (9)

P (ent, 8)°
o]
The incoherence losses are greater the higher the center frequency fo s but
for surveillance purposes a minimum practical center frequency would be
100 Me or so and Ly << 1070,
There is, in theory at least,.a physical means of greatly reducing the
incoherence loss (i.e. , of increasing the magnitude of the quantity LB).

This is accomplished by the use of an antenna for the reference receiver

which has a fine structure pattern with periodic nulls and lobes which
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approximately match the nulls and lobes of the correlation function
@ (B cosp) = & (B cosp) cos (wo B cosy)e.

Designate by £ the azimuth angle in a polar coordinate system abQut
the receiving antenna, with the sun, target and radar defining the equatori-~
al plane. We are assuming a main receiving lobe of the form I(E)cos(bE), G
being the peak gain., (We put L(E) = 1 since the antenna cross-section A ap-

pears in the space less L,, vhich we have implicitly assumed to be constant

3)
over the source.) The correspondence between § and p is
Rs
tan § = — cosy = 1/2 o cosy ~ &

If the antenna is constructed so that bg = 2x fo B cosu, 1.e.,
ro_.
b= 2x T sin © (10)

the amplitude coefficient a.p2

the correspondence between p and u being given by the relation 'rp = BCos|i=-

is changed by the factor cos |:2n:f;‘° B COSp.:|--

and we get for the post-multiplication ensemble average in place of Eq. (6),

5
<g(t,'r)>= -gj du & (et-T+Bcosu) sim cos® (21rf°[3cosp)
o
k1l rB
=53 Jo dx (e‘b-'r+x.) (11)

The function & in the integrand is the envelope of the correlation function
§ which appears in the integrand of Eq. (6).
The peak output signal-to-noise ratio for this case, computed exactly

as before, is
-] ﬁ R
[ _ar #2) Hi axe2mITX| 2
- B o

sf'_rp 1
(N)o“ 3 jm ar 22) (12)
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where H(f) is the Fourier transform of & (7).

The incoherence loss for this case

rdf 52(£) l% Iﬁdxea’(‘jfxﬁ
L, = — 2

i [ ae o)

differs enormously both qualitatively and quantitatively from the uncom-

(13)

pensated incoherence loss factox;"'Eq_. (8), since the power spectrum H(f) is
greatest near £=0 (DC) and becomes relatively very small for all values of

f greater than W in the following sense

® W '
IW dfﬂz(f) < .[o af H2(f), where

. Jp af £2H(£)
) r af B2(£)

W

Since L(E) = 1 over the source

| rdf H2(¢) Lecos 2n £ B
: —
Ly = 2 s (2x £B) (14)

oo .
) [ ar 2%2)

=00
Here, in contrast to the uncompensated case, the bandwidth of W is crucial,
for, if

l-cos 2% £B

1 2 ‘
~ 1/2 |1~ =5 (2x £68° |, and’
(2x 28)° [ 12 ]’

0 (@)® < 1, then

2x)? 2 ‘
L'ﬁzl -S—g%— (W B)<; whereas if
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no is the direction of sun's center) with respect to the line between the

antennas is

A¢=7\2—’5Dcos (no+e)=2ﬂ-§cosno- (%-Dsin'no) €

Our requirement is that

21D r '
Tsmno- 21r->:sin g, or
sin ©
D= =
8in 'ﬂo

The antenna spacing D must be comparable to the detection range. This
result is not surprising. Such an arrangement would give far greater
detection ranges than would otherwise be possible; however, the surveil-

lance would be confined to the plane of the sun and the two receivers,



V. THE RANGE EQUATIONS

The received signal power from the target is

2
1 A 1 GA
P.= =TFo = = PG ——————
2 2 " 2 2 ()-I-:rt)21‘2

in terms of the antenna gain G.
The peak output signal-to-noise ratio from the correlator from Eg./(7)
(including the doppler compensation gain GD) is
F 22 G
+

(§) -1 G lLK g
N/, 2k(TN Tr) Ix D ¢ 2

For convenience in using Eq. (16) the flux spectral density data for the

(16)

sun and Cassiopeia A have been plotted in Fig, 2 in terms F7\2. The general
range equation for the passive radar follows from Eq., (16), designating by

p the minimum output signal-to-noise ratio for reliable detection,

2 1/2
1 FA -1 -1
r=/o | — -—-(_—_T GG.e p L (17)
322 K (T + Tr> D B

The measured flux density for Cassiopeia A is retabulated in Table 2
in terms of the quantity F )\2/1: (which is a purely fictitious equivalent
temperature t[“2 since the angular dimensions of the source are unknown).

Also tabulated are T c/TI\T maximm and T c/TN minimg. This ratio is reason-
ably constant and reaches a maximum with respect to wavelength near 3 meters,
The minimum and maximun detection ranges for the source Cassiopeia A
have been computed for various A and are given in Table 3 with the assumed

12

values Lg = 1land 1/e G Gp 1/p = 10

SCLAR RADAR RANGE EQUATTION

As we have seen, for the sun

2n kT , o



Radiant power per unit bandwith (watts /cps) falling normally on one square wavelength
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/
I0-20
4
IO—ZI
/
Sun
1022 .

/ Cassiopeia A

24
0.0l 003 O.l 0.3 I 3 (0]
Wavelength in meters

Fig. 2— Measured RF power falling normally on
surface of one square wavelength in area for
the sun and Cassiopeia A



- o -

so that the effective solar temperature

AP

This and the minimm and meximum measured sky temperatures TN are listed
in Table 1 using data from Ref. 2, The minimum and maximum ratios Ts/TN
are also tabulated, These ratios ﬁll determine the detection sensitivity
vwhere receivers are used which have noise temperature lower than the sky
temperature.

It would appear from Table 1 that 104 is an optimistic maximum value
for T s/TR * Do

The output signal~to-noise ratio for the solar radar is strongly
dependent on the incoherence loss La‘
If the coherence losses are partially compensated in the mamner des-

cribed above, and the bandwidth made small compared to 5'1, then Lip = 1,

and
(§) = _T..s__(g)zgc; 1 o
NJ)o 'ﬂETR+TN ) D e 2

Then the maximum range r with compensation for coherence losses is thus

TS

o 1 1

whereas, without campensation for the incoherence loss,

I S
Ch (2:r £, 5)2

and

i Ts 1 /%

1 1 g
r =\ =¢ G = —_— (19)
2 3 TR Iy |6 %R e) 2o 2
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In this latter formula, curiously, the size of the solar disc o does not
appear due to the fact that the scattered power from the target varies as
o° while the incoherence loss varies as a2,

Tt is noteworthy that the detection range varies as the square root of
the target cross-section where the incoherence effect is negligible or is
compensated, but otherwise--as for the active radar--varies as the fourth
root of the target cross-section.

Equations (17), (18), and (19) are the desired range equatioms. In
Table 4 the ma.ximxﬁn and m:.n:.mum vaiues of rl/fa are given for various A
using an assumed velue of 10*2 ror (L/p G Gy 1/c), vhile Table 5 gives
maximum and minimum values of ra/gl/lk for varioué A using an assumed value
of lol,'L for (1/p C Gp G, 1/¢).

The surveillance performence of the solar radar (without compensation

of the coherence losses) is identical to that of an active radar which ra-

diates an amount of energy

G
1[G %) 1
ET-(K‘-’S)E( : ) = (20)
sin™0 .
during the dwell time on target. This formula vividly indicates the feeble
7

equivalent power of the uncompensated solar radar, since kT = 10°

,joules.(9)
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Table 1

RATTO OF EFFECTIVE SOLAR TEMPERATURE (Ts) TO MINIMUM AND
MAXTMUM MEASURED SKY TEMPERATURES (TN)

(The ratio of reference solar power to noise power is TS/TN G/16 012)

T T
A (meters) (TN) max (TN) min T; min -T—IE\I max
10 107 10% o5 250
3 1% 7 % 10° 250 3.6 x 109
1 6.5 x 10° 40 2 x 109 3.3 x 10°
.3 35 1.5 5 x 105 1.2 x 10°
Table 2

RATTO OF FICTITIOUS EQUIVALENT TEMPERATURE (Tc) FOR CASSIOPEIA A TO

MINIMUM AND MAXIMUM MEASURED SKY TEMPERATURES (TN)

2

FS?\ Tc Tc
T Tc, T and 7 for Cassiopeia A
N max N min
N T, T,
A (meters) T, T T
N max N min
3 -2
10 2.9 x 10 .29 2.9 x 10
3 3.2 x 10° L6 3.2 x 1072
1 5.1 .127 8 x 1073

*
T is a fictitious equivalent star temperature. The ratio of reference
c -

signal power to noise power is T c/TN G/8x.
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Table 3

MINIMUM AND MAXIMUM DETECTION RANGES FOR THE SOWRCE CASSIOPETA A

FROM FQ. (17)

(r/-/<) min (km)

» (meters) (r //5) max (km)
10 30.3 9.6
> 38.2 10
1 30.1 5.1

. s . . 2
o is the target side-scatter cross-section in m

Table b

MINIMUM AND MAXTMUM DETECTION RANGES FOR SOLAR RADAR

WITH COMPENSATED INCOHERENCE LOSSES

FROM EQ. (18)
A (meters) (r/./5) min (im) (x/\/3) max (km)
10 3.5 11
3 11 Lo
1 31.3 127
.3 ko 242

o = target side-scatter cross-section in m2

The value 10 for (% G G %) has been assumed

D
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Table 5

MAXTMUM AND MINIMUM DETECTION RANGES FOR SOLAR RADAR
WITHOUT COMPENSATED INCOHERENCE LOSSES
FROM EQ. (19)

A (meters) ;‘1‘71? min (km) Tli 7 max (km)
10 4.0 7.1
3 3.9 7.6
1 3.8 7.6
) 2,6 5.8
2

o = target side scatter cross-section in m

The value 10

1L

for (i
p

1
G Cp Gy 2

) has been assumed
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