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I. INTRODUCTION

During the course of a brief study of the potential of using small
passive radiometers for guiding fire-and-forget antitank missiles,! it
became evident that significant improvements can be made to the simple
theoretical model often used for the signal output of such radiometers.
Since a radiometric measurement program was being completed at that
time,2 it was decided to pursue the matter further by comparing theo-
retical and experimental values of signal and noise outputs of a small,
passive, 35-GHz radiometer.

This report presents derivations of two expressions for the signal
output of a passive radiometer. The first expression is relatively
simple and has somewhat restricted applicability. The second expres-
sion is much more general but it must be evaluated by numerical inte-
gration. Results obtained from these expressions are compared with
measured data.

A theoretical expression for the noise output of a radiometer was
obtained from the literature. Results from this expression are com-
pared with noise data obtained from laboratory and field measurements.
Finally, comparisons are made between calculated and experimentally
determined signal-to-noise ratios.

IT. THEORETICAL SIGNAL OUTPUT OF A PASSIVE RADIOMETER

An expression was derived for the peak signal output of a passive
radiometer for the case when a target is present at the center of the
antenna beam.! The derivation will be repeated in shortened form in
order to provide continuity to the material presented here.

The radiant emittance of a black body is given by Planck's formula
in general, but for the millimeter wavelength region of the spectrum the
Rayleigh-Jeans approximation may be used. Thus,

2kT

N & ——

AZ

where k is Boltzmann's constant, T is the absolute temperature of the
body and X is the wavelength of the radiant emittance being considered.

lO.C. Kaste, '"Consideration of Passive Radiometers for Guidance of Fire-

and-Forget Antitank Missiles from the Viewpoint of Signal-to-Noise
Ratio,'" BRL Memorandum Report No. 2489, June 1975. (AD #B004798L)
2K.A. Richer, '"'SADARM Millimeter Wave Radiometer Measurements,' BRL
Memorandum Report No. 2433, January 1975 (C). (AD #C001046L)
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The units of N are power per unit frequency per unit projected area of

the black body per unit solid angle (WHz_lm'zsr-l). An antenna with a

power gain pattern G(6,¢), and therefore a receiving cross section

AZ
A(8,0) = 6(8,0) 7=

will receive power in the amount of

1 ' : -}
¥ | f TG(6,¢) sinbdédé¢  WHz
()

from the radiating body (see Figure 1). The % factor is present because

4

an antenna responds to a single polarization. If the radiometer ''sees"
only a black body at a uniform temperature T, the expression reduces to

2m ki 1
/ G(9,4) sinbéddde = kT WHz
0

since

2m £
/ f G(6,4¢) sineded¢ =
o (o)

from the definition of antenna gain. A radiometer having a bandwidth
B will then receive kTB watts of power, assuming ideal response over
the bandwidth. Since k and B are constants, the radiometer can be
calibrated to indicate temperature.

In general, the radiometer will not be looking at black bodies,
nor will T be uniform over all 6,¢. Nevertheless, the radiometer can
be calibrated using a black body at known temperature, and it will then
indicate equivalent black body or radiometric temperatures based on
the power it receives when looking at a real-world scene. Expressed

mathematically,
1 ZTT m™
- = / T(6,4)G(6,¢) sinededs ,
2O
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Figure 1. Elemental Projected Area Seen by Antenna
in Direction 6,4 (Antenna axis along x-axis).




T T T

where TA is the indicated radiometric temperature or, as it is often

called, the antenna temperature, and T(6,¢) is the radiometric temper-
ature in direction 6,¢. If T(6,¢) is a constant, TB, the expression

for TA reduces to T, = TB regardless of G(6,¢). If T(6,¢) is not a

A
constant,‘evaluation of T, from the expression above is usually pos-
sible only by numerical methods.

An approximate analytical solution can be obtained for TA for the

case when a '"target'" with uniform temperature T exists at the center

of the antenna beam. If the target subtends a small solid angle it may
be represented as having a projected area AT in the form of a circle

with an area eqﬁal to the actual projected area of the target. The
equivalent circular target has a radius

s (AT/n)l/z ~ Re,

where R is the range to the target and eT is the angle subtended by the

radius of the equivalent target. Then, the antenna temperature is

27 BT
Ty * 5 / T,G(6,¢) sinededs
(o] (0]
2m T
/ T(8,6)G(8,4) sin6deds .
9

¢ T

ar~

e el
=

If it is assumed that the area behind the target (i.e., the portion of
the scene hidden from the radiometer antenna because the target ts
present) has a constant radiometric temperature TBT’ the expression for

TA can be written as
2n ST
TTG(9,¢) sin6déd¢
(o] (o)

>
2

(continued on next page)
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2w T
/ T(6,$)G(8,¢) sined6d¢
o o
2m T
= f TgrG(8,¢) sinededs .
(o] o

Now, a good approximation for the power pattern of a radiometer antenna
(especially near the center of the beam) is

lH

[
S

)
Ge,6) = G e,

as was established by Patton and Wilson.3® 1In this expression GO is

A the antenna power gain at the center of the beam, and b is a constant
which characterizes the antenna pattern. The 3-db beamwidth (total

2 172 :
3db = 2(4n2/b) rad. Then, since

eT is assumed to be small, sin6=~8 for OEQT, and

27 6 i
e i) -b8
Ty * 1o / f (Tp-Tgp)G e odeds
(6] (e]
1 2w T
o f T(8,6)G(6,¢) sin6dode
o o

angle) of this pattern is given by 6

2l

The first term is easily integrated to yield

SR.B. Patton, Jr. and C.L. Wilson, "The VARR Method, A Technique for

Determining the Effective Power Patterns of Millimeter-Wave Radiometric
Antennas,' BRL Report No. 1322, May 1966. (AD #640009)

11 ;




The second term cannot be integrated unless T and G are defined. (Note
that G has been left in general form because the range of integration
on 8 is not small in this term.) However, this term is the expression
for the radiometric temperature of the scene without the target. Let
this temperature be designated Ts' Then,

~ (TT
A 4b

= 'T__JG 2
BT” o (1 - e—beT) + TS

This expression can be simplified by utilizing the relationship

2m T
/ G(6,¢) sinodedé = 4m ,
(o] (o]

which for a symmetrical antenna beam, i.e., one where G is only a
function of 6, reduces to

m
f G(8) sinede = 2 .
o}

For G(6) = Goe_be as assumed above, and with b quite large (e.g., 400)

so as to produce a narrow beam, it can be shown by numerical integra-
tion (see Reference 1) that satisfaction of the above relationship
requires Go = 4b. The expression for TA then is

_bo?
TA ~ (TT - TBT)(I—e Ty + Ts
Introducing the notation
ATA = TA - IS and ATT = TT - TBT :

we have
l62
" e H =Dt
ATA ATT(I e 1)

12




In words, the change in antenna temperature resulting from the presence
of a target in the antenna beam is equal to the difference between the
radiometric temperatures of the target and its background times a
function of the antenna beamwidth and the subtended angle of the target.

The expression above can be written in terms of the target area AT’
and the range R to the target:

" 2
ATA/ATT [1 - exp (-bAT/ﬂR i

Figure 2 shows a plot of this expression as a function of R for b = 400
and AT = 15 m2. (With b = 400, the 3-db beamwidth of the antenna is

4.8 deg.) The drastic reduction in ATA/ATT with increasing range is

very obvious. It should be noted that no allowance has been made for
effects of the atmosphere on the radiation received by the radiometer.
These effects are not significant for the ranges shown in Figure 2,
especially at 35 GHz. At greater ranges and for other frequencies
the effects can be quite large.

The expression derived above yields satisfactory results for ATA
for targets which appear roughly circular as viewed by the radiometer.
The results tend to be more valid at longer ranges than at very short
ranges. Also, the results are valid only for the target centered in
the antenna beam. To overcome these model deficiencies an alternate
improved expression was developed for ATA as described below.

Consider the situation depicted in Figure 3. Here the radiometer
antenna is at altitude H (above flat terrain) and its axis of symmetry
is at an angle SF from the vertical. This angle lies in the y-z plane

of a Cartesian coordinate system centered at the ground directly beneath
the antenna. A target with temperature contrast ATT has an elemental

area dxdy at x,y in the ground plane. It is assumed that the target
appears two-dimensional to the radiometer. The situation described
corresponds to a radiometer measurement setup for the SADARM (Sense
and Destroy Armor) project (Reference 2).

02 09 2
The slant range from the antenna to area dxdy is (H'+x“+y“)1/“

and thus the antenna receiving solid angle relative to point (x,y) is

G(H, O, X,y) 22

> .
An(H +x"+y")

13
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where G is the antenna power gain in the direction of area dxdy. The
projected area of dxdy, i.e., the area ''seen' by the antenna, is

dxdy H

1/2
(o +x7ey?)

2

Considering the antenna gain to be Goe-be as was done before, where

1 H cos 6F+y sin 6

2 2 2 12
(H™+x"+y™)

6 = cos B

we have

H cosB+y sin6

exp {-b [%os_l( 1/f> ] }dxdy
2 2 o
AT, = i o1 /'VZ f"z (H‘+x2+yb)

Yi X - 3/2
1 1 (H2+x‘+y )

The limits of integration are shown as constants corresponding to a
rectangular target oriented with its sides parallel to the x and y axes
of the coordinate system. The dimensions of the target are X5=X in

the x-direction and Yo=Yy in the y-direction. The values of X1» Xon Ypo
y, are chosen to position the target at the desired location relative to

the antenna and to select the target dimensions.

A simple digital computer program was written to evaluate the
integral developed above. It is of interest to compare results obtained
from this expression with those from the simpler but less exact. expres-
sion developed earlier in this report. These expressions are repeated
below for reference and are labeled (A) and (B); they will subsequently
be referred to by these designations.

~

H cos Bty sin @

-1 F N
GOH v, x2 exp {—b[cos ( - s I/Z)] }dxd)
(A) ATA/ATT PO f / (H7+x"+y")

X
i 1 2 3 3. 312
(H +x"+y™)




(B)  AT,/AT; = 1 - exp (-bAj/mR)

Table I compares ATA/ATT as calculated from (A) and (B) for parameter
values as shown.

TABLE 1
b = 400 b= 1S o x, = -2.5m
G0 = 1600 ¥y = -1.5m X, = 2.5 m
o = 0 y, = L.5m
3 AT, /AT
R(=H) o 1 MRS < | SRS | A
. 10 m 1.000" 1.000" (27.55)
30 0.828 0.880 (3.06)
50 0.510 0.534 (1.10)
' 70 0.314 0.323 0.562
- 100 0.171 0.174 0.276
200 0.046 0.047 0.069
; 300 0.021 0.021 0.031
500 0.008 0.008 0.011

Agreement between (A) and (B) is very good for ranges greater than 100 m
and fairly good for ranges of 30-70 m. For targets departing further
from a circular shape the agreement between expressions (A) and (B)
would not be so good. For example, for a target of dimensions 1 by 15 m,
expression (A) gives a value of 0.223 at R = 50 m, compared with the
value of 0.534 for expression (B).




A commonly used expression for calculation of ATA/ATT is based on

the concept that ATA/ATT will be equal to the ratio of the target area

to the antenna beam area at the target range. The 3-db beamwidth is
usually used to define the beam area. Thus

4 b
(©) ATA/ATT ~ Ar 7 = A;
w(RBSdb) TR N2

for the antenna pattern assumed above. Values computed from this
expression are also given in Table I. The results from (C) are quite
optimistic at all ranges. For short ranges expression (C) obviously
breaks down because the target area exceeds that of the 3-db beam.
These erroneous results are shown in parentheses.

The optimism of (C) at longer ranges arises from the use of the 3-db
beamwidth to define the beam area. It is assumed that the target is at
the center of the beam and is small enough that the gain of the beam over
the entire target is equal to the peak gain. The area of the beam to be
used in (C) then should be such that the solid angle of the equivalent
beam times the peak gain is equal tozthe total power of the actual beam.

For the antenna pattern used (Goe_be ) the 3-db beamwidth is 2v&n2/b rad.

At range R the projected area covered by the 3-db beam is therefore

2 b
T a2 < ) 2
T R 2Yen2/b = mR"en2/b . ]

With a gain of Go = 4b over the entire solid angle of m&n2/b sr, the

total power would be 4m &n2. The actual value should be 4m from general
antenna theory. Thus the beamwidth used in calculating the area of the
antenna beam for expression (C) should be

63db/¢2n2 ;

Then,

4A,r2n2 - ATb

(G &% S bl = =
A m (RO WRZ

T )2
3db

18
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Values calculated from this expression are listed below.

R _der
10 m (19.1 )
30 ( 2.12)
50 0.764
70 0.390

100 0.191
200 0.048
300 0.021
500 0.008

These values of ATA/ATT agree quite well with those from expressions
(A) and (B), for R greater than 100 m. As before, the expression breaks
down for very short ranges.

All of the above calculations of AT, are based on the target being

A
at the center of the antenna beam. Expression (A) is the only one which
can be used to calculate ATA/ATT for the target not at the center of the

beam. For example, for a 3 by 5 metre target, the value of ATA/ATT at

a range of 30 m is 0.828 with the beam centered on the target. With the
beam centered on a short edge of the target the value drops to 0.422,
and with the beam centered on a corner of the target the value is only
0.249. At greater ranges the reduction of ATA/ATT resulting from the

beam not pointing exactly at the center of the target is less pronounced
than at short ranges. At 100 m, the center, edge, and corner values of
ATA/ATT are 0.171, 0.138, and 0.127 respectively. For ranges greater

than 400 m the center, edge, and corner values of ATA/AT are essentially

equal. B
Expression (A) can be used to calculate the ''signal pulse' of a

radiometer as it passes over a target; the passage is simulated by choosing

an appropriate succession of values for Y1 and Yo The signal pulse shows

the rise and fall of AT, as a function of radiometer position with respect

A
to the target. Examples are shown in Figures 4 and 5. Figure 4 shows
calculated results for the case when the radiometer is looking straight

19
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"F:O
b = 400
5 x 3 m TARGET

100 m

EDGE VIEW
OF TARGET
: 1 PR Iy — |
-9 -6 -3 0 3 6 9
BEAM POSITION RELATIVE TO TARGET (m)
Figure 4. Normalized Radiometer Signal Pulses (eF = ()
ATA/ATT
~0.4 - 30°
] 1 | |
-9 -6 -3 0 3 6 9
BEAM POSITION RELATIVE TO TARGET (m)
Figure 5. Normalized Radiometer Signal Pulses (6. = 30°)
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down as it passes over a target from left to right; the radiometer moves :
parallel to the shorter edges of the target and passes over the center ‘
of the target. When the radiometer is directly over the target at an ‘
altitude of 50 m, the value of ATA/ATT is 0.51; when the radiometer is

over a long edge of the target, ATA/ATT is 0.38. When the altitude is

increased to 100 m, the signal pulse becomes lower and broader, reaching
a peak value of only 0.17.

Figure 5 shows signal pulses for the same situations as were de-
scribed for Figure 4, except the radiometer antenna is tilted 30° forward
from the vertical. The abscissa in Figure 5 corresponds to the position
of the center of the antenna beam on the ground. The radiometer now seecs
the target at a slant-range which is greater than the altitude, and also
sees a projected area smaller than the actual target area. Consequently
the signal pulses are substantially lower in amplitude than when the
radiometer is looking straight down. A further result of the tilted
antenna is the asymmetry of the signal pulse discernible on close
inspection of Figure 5.

IIT. THEORETICAL NOISE OUTPUT OF A PASSIVE RADIOMETER
The radiometer under consideration here is of the full-power passive
type. Taylor conducted a detailed review" of expressions for the sensi-

tivity of passive radiometers. His expression for the root-mean-square
noise output of a full-power radiometer is

v [(F-l)T0 + T

e 2vVBt

Al

where F is the radiometer noise figure based on a reference temperature

To’ and TA is the antenna temperature. The predetection bandwidth of

the radiometer is B Hz, and the postdetection filter has a time constant
of t seconds.

The reference temperature T0 is usually 290 K (or 300 K), and the

antenna temperature T, is typically about 260 K when the antenna is

A
pointed at terrain. With these values, the noise output given by the
expression above is as shown on Figure 6, where ATrms is plotted versus

F for two values of Bt. Since F values of about 4 are attainable for
small 35-GHz radiometers, the noise output can be made less than 1 K
by making Bt larger than 106.

4H.P. Taylor, "The Radiometer Equation,'" The Microwave Journal, May

1967, pp. 39-42.

21




Figure 6. Radiometer Noise Output vs Noise Figure




IV. COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

Measurements made at BRL for the SADARM Program provided a good
source of passive radiometer test results for comparison with results
based on theoretical calculations. Data obtained from 26 passes of a
helicopter-borne 35-GHz radiometer over a square metal sheet 3.66 m
on a side, at altitudes ranging from about 30 to 150 metres, are
presented in tabular form in Appendix A. These data were used to
determine a value of b for the parabolic reflector antenna which was
used during the runs. A value of 370 was established by an analysis
described in Appendix B. The calculated 3-db beamwidth of the antenna
beam is then

2 x (QnZ/b)l/2 = 0.0866 rad (4.96°)

based on the model used in this report.

Using b = 370, AT, = 250 K (see Appendix B) and an antenna tilt

T
angle eF = n/6 rad, with a 3.66 x 3.66 m target, the predicted peak
values of ATA versus altitude as determined from expression (A) in
Section II are plotted on Figure 7. Three curves are shown, the first
for the antenna pointing directly at the center of the target, the
second for the antenna pointing at the midpoint of one of the side
edges of the target (1.83 m from the target center) and the third for
the antenna beam centered along the fore-aft dimension of the target
but 0.91 m off the target (2.74 m from the target center). The cal-
culated curves converge as the altitude of the antenna increases, but

for altitudes below about 75 m the value of ATA is quite sensitive to

antenna position relative to the target. For example, at an altitude
of 30 m the calculated values of ATA for three positions of the antenna
are as follows:

Antenna Position Peak ATA
On target center 167 K
On target edge 98 K
Off target (0.91 m beyond edge) 46 K

Also shown on Figure 7 are experimental data points. These data
were obtained from radiometer measurements described briefly in Appendix
A and more fully in a report by Richer (Reference 2). The experimental
points have been placed in four groups. The first group, represented by

23
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. AT, = 250 K
®e— 2 PTS b =370
5 = n/6 rad

EXPERIMENTAL DATA:

TARGET e Beam 0.1 to 0.5 m from
CENTER target center

x Beam 0.75 to 1.3 m from
target center

o Beam 1.5 to 2.0 m from
— BEAM ON target center

TARGET EDGE 0 Beam 2.4 to 3.2 m from
target center

—BEAM 2.74 m FROM
TARGET CENTER

50 100 T80

ALTITUDE (m)

Figure 7. Peak Antenna Temperature Change vs Altitude
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the solid dots, consists of peak readings of incremental antenna tem-
perature for flights where the antenna beam passed almost directly over
the center of the target. The agreement with the corresponding theoret-
ical curve is very close over the range of altitudes included in the
measurement program.

The second group of data points, represented by x's, consists of
peak readings for flights when the beam passed 0.75 to 1.3 m to the
right or left of target center. These points should lie between the
upper two curves on the figure, and most of the points are in this region
or close to it. The two points obtained when the altitude was 34 m are
somewhat lower than corresponding theoretical values, for unknown reasons.

The third group of data points, represented by half-filled dots,
consists of peak readings for flights where the beam passed 1.5 to 2.0 m
from target center (roughly over the edge of the target). These points
agree quite well with the theoretical curve, although they tend to be a
little lower.

The fourth group, represented by open dots, consists of peak read-
ings for flights where the beam passed 2.4 to 3.2 m from target center.
Again, agreement with theory is good, with the experimental points
falling a bit lower.

The generally good agreement between theory and experiment appears
to confirm the basic validity of the model which was derived. Refine-
ments of the model are possible, of course. The fact that the experi-
mental data are lower than theoretical values when the antenna beam is
not centered on the target may indicate that the off-axis representa-
tion of the theoretical beam pattern could be improved. The effect of
the atmosphere on the radiometric signal could be included, but as
mentioned previously, the effect is negligible (0.1 db/km) for 35-GHz
radiometers at short ranges. Another consideration is the reflection
angle of the target. For a radiometer looking nearly straight down,
the sheet metal target appears to be essentially at the temperature
of the zenith sky. However, when the radiometer antenna axis is not
perpendicular to the target, the reflected temperature is from a part
of the sky not directly overhead. Since the sky temperature is higher
away from zenith, it follows that the radiometer reading will be af-
fected. A brief investigation was made of the influence of off-zenith
sky temperatures on the theoretical radiometric readings. Since the
apparent sky temperature at 35 GHz does not increase much until the
zenith angle exceeds roughly 40°, it was not expected that the influence
would be significant for the situation treated in this report. This was
confirmed by the analysis which is presented in Appendix C.

Further evidence of the agreement between theory and experiment is
obtained by comparing calculated and measured radiometer signal pulses.
These pulses show the change in temperature indicated by the radiometer
as it passes over a target. The change in temperature is a function of
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the relative position of the radiometer with respect to the target. In
the SADARM measurements the radiometer was carried by a helicopter at a
fairly uniform rate, and thus the signal pulse can be plotted as a
function of time. For the 26 March 1974 runs the helicopter speed was
nominally 36 m/s (70 knots). At this speed the 3.66-m target would be
crossed in 0.10 seconds, and this value has been used in plotting the
signal pulses. (Spot checks of video tapes revealed that the 103.6-m
distance between the sheet metal target and a tank target was covered

in 2.76 and 2.87 seconds in runs 23 and 26, respectively, for average
speeds of 37.5 and 36.1 m/s. Attempts were made to determine the time
to cross the sheet metal target, but video picture quality and the ef-
fects of helicopter oscillations precluded making accurate readings over
the short intervals of time involved. Typical apparent values of
slightly more than 0.1 second were observed.) Figures 8 through 12

show theoretical (solid line) and experimental (points) results for four
different situations as given below.

Position of Beam

Relative to Target Measurement
Figure ALT Center Line Run No.
8 123 m 0.1 m right 11
9 91 1.1 m left 17
10 69 2.6 m left 23
11 34 0.1 m left 26
12 34 1.3 m left 25

The time on the abscissa of each plot is relative to the time when the
antenna beam axis is centered along the fore-aft dimension of the target.
Experimental data were available in digitized form at 0.0l-second
intervals; these points have been plotted without attempting to draw a
curve through them. The reference value of the antenna temperature (e.g.,

258 K on Figure 8) from which ATA was measured is the scene temperature

without the target as described and tabulated in Appendix A. The signal
pulses are shown with negative values since the target is colder than
the background terrain and the antenna temperature decreases as the
radiometer passes over.

Figure 8 shows results for the situation when the radiometer was
carried at an altitude of 123 m above ground and nearly over the center
of the target. Agreement between theory and experiment is very good
although the experimental values fall off slightly faster than the
theoretical curve. The experimental points show some evidence of pitch
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oscillations of the helicopter at a frequency of about 10 Hz. Figure 9
shows results for an altitude of 91 m and the center of the antenna
beam passing about 1.1 m left of the center line of the target. Agree-
ment between theory and experiment is very good. Figure 10 shows
theoretical and experimental data for a case when the center of the
antenna beam was off the target (2.6 m to the left of target center)

as the helicopter passed over at an altitude of 69 m. Agreement is
generally good although the experimental values differ somewhat from
the theoretical values when the antenna beam is closest to the target.
Figure 11 shows the very high pulse obtained when the radiometer was

at an altitude of 34 m and was carried essentially over the center

line of the target. Agreement between theory and experiment is very
good although the experimental peak falls a bit short of the theoretical
peak. Small differences between theoretical and experimental results
would in part exist if actual experimental conditions differed from those
assumed. Knowledge of the target temperature contrast, the helicopter
speed and altitude, and the left-right position of the antenna beam is
not precise.

Almost all of the signal pulses obtained in the measurement program
agree as well with theory as those shown in Figures 8 through 11.
However, as mentioned above, two runs made at an altitude of 34 m,
and passing about 1.3 m from the center of the target did not produce
peak readings in line with theory. Figure 12 shows experimental and
theoretical data for one of these cases (Run 25). Agreement between
theory and experiment is good for the lower half of the signal pulse
(IATA| < 55 K) but the experiment values depart substantially from the

theoretical values near the peak of thc pulse. The reason for the
discrepancy is not apparent. The experimental pulse has a somewhat
unusual shape; the possibility exists of some sort of problem during
this run. However, the video recording for this run shows nothing
unusual, and the unfiltered radiometer output (i.e., the radiometer
output prior to being passed through a 100-Hz filter) has the same
basic shape as the filtered signal pulse. Only this case and an almost
identical case (Run 27) produced experimental results differing
appreciably from theoretical results.

An estimate of the noise output of the radiometer was obtained for
each SADARM measurement run by calculating the standard deviation of the
digitized filtered data over a 0.2-second interval adjacent to the
signal pulse for the sheet metal target. Since the terrain at which the
radiometer was looking during these intervals was essentially uniform,
it follows that the short period variations in the radiometer output
were largely from radiometer noise. The standard deviations of these
variations constitute estimates of the root-mean-square value of the
noise. The values determined in this manner are tabulated with other
measured and calculated data in Appendix A. The average of the 26
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values is 0.79 K, which is a little lower than the value of 0.94 K
obtained from laboratory measurements on the radiometer (Reference 2).

A theoretical estimate of the radiometer noise is obtained from
Taylor's expression as given in Section III:

» 2 fi [(F-l) TO+TA] :
Tms 2 /BT

With the following values for the radiometer used in the measurement
program,

= 3.98 (6db)
T = 300 K
o
TA = 260 K (typical)
Biiw=10 5% 108 Hz
T = 0.0025 sec;
the calculated value of AT is 0.91 K. This value agrees well with

rms
the value from laboratory measurements.

The apparent signal-to-noise ratio for each measurement run was
calculated by dividing the peak value of ATA by the rms noise for

that run. These S/N values are also tabulated in Appendix A. Compari-
son of these values with theoretical values can be made in several ways.
For example, expression (B) for ATA (derived in Section III) can be

combined with Taylor's expression for noise to define the S/N ratio
for cases when the antenna is pointing at the center of the target.

—bAT/TrR2
2 (ATT/TO) l-e VBT

yr [(F-1) + T/ T,

S/N =

Using the numerical values given above, along with ATT = 250 K,
A, = 11.59 m2 (projected area), and b = 370, results in

'K
2
S/N = 273.3(1-e 1364.5/R ). This function is plotted on Figure 13,
along with experimental data for cases in which the radiometer pointed
within 0.5 m of the center of the target. Agreement between experi-
mental and theoretical values is good; it would be even better if the

32

, ——



SIGNAL TO NOISE RATIO

&

_——EXPERIMENT

160 |
120
80 p
40
o\o
\% °
\
| 1 | ks 1 =
0 30 60 90 120 150 180

SLANT RANGE (m)

Figure 13. S/N vs Slant Range
(Beam Centered on Target)




experimental values of S/N were calculated using the laboratory measured
value of AT -
rms
Another theoretical expression for S/N is obtained by using the
double integral expression (A) for ATA and Taylor's expression for ATrms:

AT, /Bt AT, G H
0
SN =57 — = 373
rms 27 [(F-l)To+TA]
" 2
-1 H cos 6F+y sin eF
exp { -b |cos dxd

| Vo ol T s 3 2 % i
\ (H +x"+y™)
i 3/2 ’

¥i | (H2+x2+y2)

i For cases when the target is in the center of the antenna beam, this
expression yields results almost identical to those obtained from the
preceding expression. However, this expression can also be used to
calculate S/N when the target is not centered in the beam. For numer-
ical values cited above the results obtained are the same as shown for

’ ATA on Figure 7 except that the ordinate values would be divided by

0.91 K to convert to S/N.

Theoretical values of ATA were read from Figure 7 for radiometer

altitudes and target positions corresponding to the measurement runs,
and these values were converted to theoretical S/N ratios by dividing

1 by 0.91 K. The experimental S/N ratios were then plotted versus these
theoretical S/N ratios. Figure 14 shows the general agreement obtained
even when the experimental S/N ratios are based on ATmq values as

. determined for each run. However, when the experimental S/N ratios are
based on the laboratory measured value of ATrms’ the scatter in data is

reduced considerably as shown by Figure 15. The only points which are
substantially off the line of perfect correlation correspond to the
two cases where the signal pulse peaks fell considerably short of the
theoretical values, as discussed before.
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V. SUMMARY AND CONCLUSIONS

Two expressions for calculating radiometer antenna temperature
changes when a target is present were derived and compared with a
simple expression frequently used in the literature. The new expres-
sions yield good results even when the target is beam-filling whereas
the frequently used expression does not. Moreover, the frequently
used expression yields results which are too high by a factor of about
1/4n2 even when the target does not fill the beam. One of the new
expressions can be used to calculate the output signal of a radiometer
as it passes over a target. The expression can be applied even when
the radiometer does not pass directly over the target and when the
radiometer antenna axis is tilted from the vertical.

Results from measurements made with a sheet metal target during the
SADARM Measurement Program were used to check the theoretical expres-
sions used in this study. Agreement between theory and experiment
proved very good except for a few isolated cases. Both of the new
expressions accurately predicted the experimental results (incremental
radiometer readings) for cases when the radiometer passed over the
center of the target. The second expression also predicted the off-
center results quite well. A brief investigation of the effect of the
change in sky reflection angle when the radiometer was not looking di-
rectly down on the target showed the effect to be small.

Theoretical signal pulses were calculated and compared with measured
pulses. The amplitudes and shapes of the theoretical and experimental
pulses were almost identical for most cases.

Radiometer noise outputs and signal-to-noise ratios were calculated
theoretically and determined from SADARM measurement data. Noise levels
determined from the radiometer outputs obtained during test runs and the
S/N ratios computed using these noise values are in fair agreement with
theory. When the radiometer noise output measured in the laboratory is
used in the S/N computation for the experimental data, the agreement
with theory is quite good.

Conclusions from this effort include the following:

1. A model has been developed which can be used to calculate the
signal pulse from a passive radiometer when it passes over a flat target.
Extension to more complex target shapes should be relatively straight-
forward, but not trivial.

2. Another model has been developed which can be used to calculate
the peak signal change in the output of a radiometer when the target is
centered in the radiometer antenna beam. This model is relatively
simple but yields better results than an expression which is commonly
used.




3. The accuracy of the models mentioned above has been verified
using data from the SADARM Measurement Program.

4. Using Taylor's expression for the noise output of a radiom-
eter, and the models mentioned above for the signal output of a radiom-
eter, theoretical results have been obtained for S/N ratios which agree
quite well with experimental values.
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APPENDIX A

TABULATION OF DATA FROM SADARM MEASUREMENT PROGRAM




The SADARM (Sense and Destroy Armor) Measur~ment Program involved
using a passive 35-GHz radiometer carried by helicopter over a line of
targets consisting mostly of tanks but also including a square sheet of
metal 3.66 m (12 ft) on a side. The basic data available were radiom-
eter output in degrees Kelvin and helicopter altitude above ground in
feet. Video recordings were made with a camera boresighted to the
radiometer antenna axis, and time was recorded to enable synchronization
of the data.

The data used in this study were taken on 26 March 1974, with a
parabolic reflector antenna on the radiometer. Only data pertaining to
the sheet metal target were used because analysis of performance of the
radiometer is simpler for a two-dimensional target than for a complex
three-dimensional one.

Thirty runs were made on 26 March 1974 but data were available for
only 26. Table A-1 lists the basic information for each run, along
with some processed data. The primary source of numerical values was

& a tabulation of radiometric temperature and altitude at 0.0l-second
intervals for each run. The temperature values were obtained by pass-
ing the output of the radiometer through a 100-Hz low-pass filter and
digitizing the results. Computer-plotted signal pulses (antenna tem-
perature versus time as the radiometer passed over the target) were

i also available for each run, but are not presented in this report.

Column 1 in the table identifies the run number. Column 2 gives
the altitude as the helicopter passed over the metal sheet for that run,
rounded to the nearest metre. Column 3 gives the scene temperature
without the target, obtained by averaging the radiometer output readings
over a 0.2-second interval (20 data points) adjacent to the signal
pulse. These values were rounded to the nearest degree. Column 4 lists
. the minimum value of the radiometer output for each run. These values

were deduced by looking at both the tabulations and the plots for each
run and using judgment in removing radiometer noise and the effects of
helicopter oscillations from the readings. Column 5 gives the dif-

y ferences between the values in columns 3 and 4. These values represent
the peaks of the signal pulses; they are given as positive quantities
even though the radiometer output drops as it passes over a metal tar-
get. Column 6 lists an estimate of the radiometer noise for each run.
These values were obtained by calculating the standard deviation of the
radiometer output over a 0.2-second interval (20 data points) adjacent
to the signal pulse, and applying a small standard correction factor
because of the finite sample size. Column 7 shows signal-to-noise

ratio (S/N) obtained by dividing ATA by Tnoise for each run. Finally,

column 8 shows the estimated position of the center of the antenna beam
for each run. These estimates were obtained by viewing playbacks of
the video tapes and noting the left-right position of the boresight

G spot when it was centered along the fore-aft dimension of the target.
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A correction was applied to the e<timated apparent position to account
for a boresight error of approximately 10 mils (see Appendix B). A
minus sign indicates that the beam was to the left of target center
and a plus sign indicates that it passed to the right. An operator
was attempting to keep the video camera centered (left-right) on the
target as the helicopter passed over, by moving the XM21 gun mount to
which the radiometer was attached. Because of the boresight bias,
most passes were actually somewhat to the left of center.
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TABLE A-1

1 2 3 4 5 6 7 8
RUN ALT _'1:5_ Tmin f_TA Tnoise S/N Po :E:Ton
(m) (K) (K) (K) (K) (m)
4 150 258 249 9 0.71 13 -2.6
] 5 153 258 247 11 0.72 15 -1.8
i 6 149 257 245 12 0.59 20 +0.4
3 7 126 257 240 17 0.87 20 -0.2
8 118 259 240 19 0.52 37 -0.8
9 121 259 243 16 0.72 22 -0.8
\ 10 123 258 246 12 0.95 13 5.2
11 123 259 242 17 0.79 22 +0.1
12 117 259 244 15 0.91 16 2.0
: 13 90 259 229 30 0.83 36 -1.0
1 14 95 258 232 26 0.81 32 -0.5
15 81 259 225 34 0.80 a3 0.9
16 90 257 230 27 0.77 35 0.4
. 17 91 260 232 28 0.70 40 4.1
‘ 18 95 261 239 22 0.77 29 -2.0
3 19 64 259 205 54 0.83 65 1.1
1 20 64 261 221 40 0.81 49 2.0
, 21 66 260 207 53 0.90 59 +0.2 ;
22 48 264 203 61 0.90 68 1.5 b
23 69 263 234 29 0.77 38 -2.6 3
24 54 263 227 36 0.91 0 - -2.4
1 25 34 262 173 89 0.83 107 1.3
: 26 34 262 123 139 0.74 188 -0.1
27 34 261 176 85 0.86 99 1.3
28 35 261 128 133 0.70 190 +0.5
29 35 260 127 133 0.85 156 +0.2
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In the text of this report the radiometer antenna gain pattern was
assumed to be of the form

-bez

G(e) = Goe

Using this expression, a relationship was derived for the peak change
in radiometer output:

2
AT, /AT, = (1-e'bAT/ - )

In this expression AT is the projected area of a target which is at a

range R from the radiometer, ATA is the peak change in temperature as i

indicated by the radiometer and AT.. is the temperature contrast of the r

T
target with respect to its background. The target is assumed to be in g
the center of the antenna pattern. '

! Solving for b yields

ﬂRZ |
b= - —A—T— &n (1-ATA/ATT> . t
Thus, data obtained in the SADARM Measurement Program can be used to f

find a value for b. :

The slant range R for each run was obtained by dividing the alti-
tude (tabulated in Appendix A) by cos 30° to account for the tilt angle
of the radiometer antenna. The projected area of the sheet metal tar- |

get as seen by the radiometer was 11.59 m2. It was assumed that the
terrain had a radiometric temperature of 271 K and the sky radiometric
# temperature was 21 K. These values were based on radiometer measure-
ments adjusted for backlobe effects. The target contrast was therefore
about 250 K. The value of ATA for each run is given in Appendix A.
Using the numerical values described above, b was determined for
each measurement run. Results are listed in Table B-1. Ideally, if
the target was centered in the antenna beam, and the values of ATA, AT

T!
and R were correct, b would be about the same for all runs. In reality,
the target was not centered in all cases, and there is uncertainty

regarding values of ATA, ATT and R.

e e L S ——.
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TABLE B-1

RUN b BORESIGHT POSITION

S e (FT) (MILS)
4 297 3 left (-5.3)
5 382 0 0)
6 394 7 right  (+12.4)
i 407 A (+9.0)
8 396 2 o (+4.5)
S 346 2 (+4.4)
10 265 6 left  (-13.0)
11 385 5 right  (+10.7)
12 306 2 left (-4.5)
13 368 0 (0)
14 360 2 right  (+5.5)
15 350 0 0)
16 335 2 right  (+5.9)
17 362 0 0)
18 297 3 left  (-8.4)
19 261 6 right (+24.7)
20 259 4 left  (-16.5)
21 383 3 right  (+11.9)
22 229 3 left  (-16.6) 1
= 214 & m =229
- 162 6 v (-29.5) J
25 191 3 0w (-22.9) 1
26 335 1 right (+7.8)
27 171 3 left  (-23.4)
28 346 3 right  (+22.3)
o 329 2 ® (+15.2)
,




The video tapes of the runs were viewed and estimates were made of
the apparent left-right position of the boresight when it was centered
on the fore-aft dimension of the target. These estimates are listed
in Table B-1. The values are in feet because the estimates were
relative to the size of the target, which is 12 feet (3.66 m) on a
side. A plot of b versus boresight position (Figure B-1) shows a
definite trend toward higher b values when the boresight was somewhat
to the right of target center. It seems reasonably clear that there
was a boresight bias between the video camera and the radiometer
antenna.

(The scatter in points on Figure B-1 is quite readily explained by
the high sensitivity of b to ATA when R is relatively large (e.g., 25/K

for conditions of run 7), and to R when R is relatively small (e.g.,
17/m for conditions of run 26). Further, the readings of boresight
position were fairly crude.)

If the boresight left-right position is converted to an equivalent
pointing error, the values in parentheses in Table B-1 are obtained.
Then, when b is plotted versus the equivalent pointing error (Figure
B-2) it appears that b maximizes at a boresight angle of roughly 10 mils.
This value is assumed to represent an error in boresighting the video
camera to the radiometer antenna. The apparent boresight position (i.e.,
the apparent left-right position of the radiometer as it was carried
over the target) for each run was adjusted to the value given in
Appendix A, based on this boresight error.

The value of b which characterizes the radiometer antenna pattern
was selected as 370 from Figure B-2. The peak gain of the antenna is
then 370 x 4 = 1480 or 31.7 db. This value agrees quite well with the
value of 32 db quoted for this antenna (measured with 35-GHz coherent
radiation). The 3-db beamwidth is computed to be

1/2

20an2/0) 172 rad = 2(an2/370)1/2 = 0.0866 rad = 4.96 deg,

compared with about 4 degrees measured with coherent radiation.

et
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APPENDIX C

i THE EFFECT OF RADIOMETRIC SKY TEMPERATURES AWAY FROM ZENITH




Implicit in the expression derived in Section III for calculation
of the output signal of a radiometer, viz.

H cos6 gty sin6

2
exp {-b [%os_l< . )] sy
AT'I'GOH /yz /‘xz [H +x +y ]1/2

/5 Sl
y1 x1 (H2+x2+y2>3

&y =~

’

is the assumption that the target temperature relative to its background,
ATT, is constant regardless of the angle between the axis of the antenna
and the target. Actually, if the radiometer is looking essentially
straight down on a horizontal reflective metal target, the target appears
to have the temperature of the zenith sky, and if the radiometer is
viewing the target at an angle the apparent temperature of the target
will be that of some part of the sky away from the zenith. However, as
is shown by the plot of typical data for a 35-GHz radiometer (Figure C-1),
the apparent sky temperature does not increase much until the zenith
angle exceeds roughly 40°. Thus, even though the antenna in the SADARM
tests was tilted 30° forward, i.e., its axis was 30° from the vertical,
it did not appear likely that the effect from seeing non-zenith sky
temperatures would be very great. Nevertheless, when some of the
theoretical results for cases when the radiometer did not pass directly
over the center of the target came out a bit higher than the measured
results, it appeared appropriate to make a quantitative check.

If the data shown on Figure C-1 are replotted in terms of ATT(a)/
ATT(o), which is the target temperature normalized relative to the
contrast when viewed from directly overhead, the plot is as shown in

Figure C-2. A good fit to this curve is obtained using the form

k,a
ATT(a)/ AT(0) = 1 - ke ;

where k1 and k2 are positive constants and o is the zenith angle given
by

ol
=1 (X

a = tan rad
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in terms of quantities shown on Figure 3 of this report. The modified

expression for ATA then is

-

0sB +y sin 2
exp {-b cos™} allon s . vt
AT.GH 72 Xy 2 2 M2
To +X +Y
AT S e —
AT Tam 372

2 2 2
Y1 X Ho+x " +y

ey
S1f(x%+ =1
X l—klexp kztan i dxdy

Choosing k1 and k2 on the basis of ATT(n/S)/ATT(o) = 0.9 and
ATT(ﬂ/Z)/ATT(o) = 0, yields k, = 0.001 and k, = 4.398. The resulting

function is plotted on Figure C-2 for comparison with the original data.

The modified expression for AT, was evaluated for several con-

A
ditions of radiometer altitude and position; the effects produced were
small. For example, with an altitude of 24 m and the radiometer antenna
beam at the center of the 3.66 x 3.66 m sheet metal target the values

of ATA were 203.8 and 202.3 K, before and after modification of the

expression. Similarly, with an altitude of 24 m and the radiometer
2.74 m to the left of target center the respective readings were 40.5
and 40.2 K. Other low altitude cases yielded similar results. For
altitudes above about 30 m the differences were negligible.

The example calculations cited above were all made with an antenna
tilt angle of 30°. As an exercise, the radiometer signal pulse was
calculated for altitudes of 34 and 68 m, with the antenna tilted 60°.
The results are shown on Figure C-3. The effect of the modification
to the expression for ATA is now quite apparent.
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Figure C-3. Effect of Sky Reflection Angle on
Radiometer Signal Pulse
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