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ABSTRACT

The concept of employing an expendable spin stabilized artillery
shell containing a simple optical system to obtain reconnaissance imagery
has been suggested by Dr. Marvin Lasser. This paper provides an
initial examination of the technical feasibility of the conéept. Three
geometrical scaﬁning configurations are considered; a side-looking one
is analyzed in detail. The requirement for time independent contiguous
mapping, in which each scanning line must touch its neighbors, is
analyzed. Data on the ballistics of a 203mm round fired at a 45° angle
to. a range of 16,700 meters are introduced into the equations. It is
foundithat for this particular trajectory the time independent contiguous
mapping requiéement can be met over a 1 kilometer horizontal distance near
apogee. The ground resolution for this trajectory is found to be sufficiently
good for use against targets such as vehicles, buildings, roads, and groups
of individuals which lie beneath the round at apogee. Analysis of photo-
metric considerations reveals adequate signal-to-noise ratio for use beneath
a cloud cover during daylight. Because the initial examination reveals

the concept to be feasible, additional studies are recommended.
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EMPLOYMENT OF A SPIN STABILIZED ARTILLERY
SHELL TO OBTAIN RECONNAISSANCE IMAGERY

Paul W. Kruse
Army Scientific Advisory Panel

1.0 INTRODUCTION

1.1 Statement of the Problem

’

Dr. Marvin Lasser, Chief Scientist, U. S. Army, has suggested
employing a spin stabilized artillery shell containing an optical system
to obtain reconnaissance imagery of terrain. The concept involves use
of the spin to provide a scanning action similar to that of an aircraft-
mounted mechanicélly scanned strip mapper. That is to say, as the round
spins in flight, the field of view of the optical system looking outward
describes a spiral in space which intercepts the earth plane. Point-to-
point variations in the solar radiation reflected from the earth (or
thermal radiation emitted by the earth) which are intercepted by the
scanning éystemfand focused on a photocell cause a time dependent photo-
signal. This signal is telemetered back to a station near the firing
site, where the imagery is reconstructed to provide a photo of the terrain

—R

overflown.

Because each round fired would be destroyed, a key requirement is
low unit cost. If cost were no consideration, a fin stabilized projectile
mounting a TV camera could be employed. The spinning round concept must
result in a much less expensive approach. Ideally, a round having the
same ballistic properties as a conventional H. E. round would employ
inexpensive optics, solid state photosensors, and integrated circuits
in place of the safing, arming, fuzing, and explosive secfions. Relatively
expensive components such as gyros and gimbals would not be used. Complex-
ity, if required, would be in the ground based telemetry receiver, imagery

decoder, and display, rather than in the round itself.

This paper constitutes a first look at the problem. It presents a
simplified analysis which identifies those areas requiring more detailed

studies. Both the geometric and the photometric aspects of the problem

;
E
-




are considered, i.e., the manner by which the spinning optics scan a
resolution element over the terrain, and the resulting signal-to-noise
ratio of the photocell output. The telemetry aspect is ignored; the
analysis assumes that the data provided in the output from the photocell
can be telemetered without degradation to a receiving station located
near the artillery piece which fired the round. Other questions such

as the effect of the firing shock upon the optical and electronic equip-

ment are also ignored. It is assumed that the round would be used only

in the daytiﬁe, so that the photosignal arises from r

radiation rather than emitted thermal radiatjon. Obviously an analysis

in much greater depth is required before the true feasibility of the

- i IR

13
concept can be determined.

1.2 Ballistic Data

To serve as a model to determine feasibility, ballistic data have

Ne

been obtaine on the standard 203mm M106 round fired due north from

the equafor infthe absence of wind with a zone 7 charge at 45° elevation,
see Table 1. No significance should be attached to the choice of caliber
or firing conditions. It seems likely that a large round, 155mm, 175mm,
or 203mm, would be required to contain the optical system, The firing
conditions were selected as being a reasonable choice for use in the
calculations. It is obvious that a large number of other reasonable

choices could have been made.

Among other interesting observations, the data show that the vaw,
i.e., the deviation of the spin vector from the velocity vector, has
a maximum value of only 1.29°. Thus it will be assumed that yaw can
be neglected, so that the spin vector is always aligned with the velocity

vector, both being tangent to the trajectory at each instant.

Figure 1 illustrates the trajectory. Fired at 45° elevation, the
round reaches an apogee of about 5202 meters at a range of about 9100
meters about 30 seconds after firing. -Impact occurs 64.3 seconds after

firing at a range of about 16,700 meters.

Figure 2 illustrates the range dependence of the aspect angle BD which the




AP NTHE IO P et e L

-3-

LL°SES

89°L€6
29°64s
81°£sS
9€°09¢
02°L95S
2L°€LS
©%6°6L6
68°6486
19°166
21°L66
94°209
LY°*L09
6L°219
€L°L19
99°229
66°L29
65°2¢9
1L°L€E9
96°2%9
9€°8%9
66°€59
68°669
61°999
88°2.9

22°049.

SE°gu9
26°L69
$0°802L
6e°02L
00°S€L

urdg -

(oas/sue;pea)

s§T°0
91°0
61°0
ZZ2°0

92°0

1e°0
8e 0
9%°0
$6°0
$9°0
LL°0
U6°0
£0°1
Y1°1
£2°1
g82°1
62°1
621
L1°1
90°1
%6°0
08°0

'»9°0

16°0
6L °0
oe*0
22°0
91°0
¢T°0
BO°O0

(=]
.
(=]

(se3183q)meg

96~
L°6G~-
S°tG-
2°16-
9°3Yy-
0°94y -~
1°¢y-
0°0y -
Q°9¢ -~

1°€c- .

2°6¢-
1°62-
802~

o
(saaxﬁaa)q@ -
v

TIATT VIS H< LOVAWI ‘T13AIT VAS IV xOH<DCm HOd4 mﬁmoz aNId
‘NOIIVAATH omQ ‘aNIM OMMN €*841 00T IHMOIAM ‘DAS/Id 0S6T ALIDOTIA
‘L MZON ‘aNNOY 90TW WHEOZ QUVANVIS :VIVaQ JIISITIVE

dTZZ0R

6°1L2¢
ol 4
L°t2¢t
Y*6l1t
2°91¢
‘1°480¢
2°10¢
lL°¢6¢C
1492
L°L)2
2°0Le
G*€92
0°86?
g°ese
€182
»°062
9162
2°Y962
6°86¢
§°692
1*4%L2
1°662
0°662
6°91¢
L°6€EE
»°L19¢
G°66¢
L°9¢hH
2°08Yy
g°1¢s
%465

£3100T094)

(93g/s1239R):

2L~
2°012-
2°09¢-
y°8yee-
6°6El-
G122~
L°502-
L°801~-
$°*0L1-
S°161~-
ge1e1~

8°111-

y°16-
8°0L-
0°*06-
6°82-
L°L-
g8°el
S°G6¢

THtLS

1L°6L

$¥°201
1°921
€161
g°uLl

0°602"

6142
2°81¢
0°6T1¢c
9°69¢
£t°02%

(oag/si@39)K)
£3100794
TBOT3194

0291
o°y%8Y
2°261
0°002
£€°102
6°¢t12
L*°612
g8°922
0°62¢
9°2¢¢2
L°G¢¢
y°8¢?
1°1%2
Bl T T 4
2°9%¢
L*°8%2
2°162¢
g°eoe
%°9¢6¢2

26492

€292
0°99¢
T°1L2
s°gLe
g8°n8l
2°20¢
6°L1c
9°9¢¢
6°06¢
£°98¢c
€02y

(925/s1239y)
A3Fo0T2A
Tv3uOZTIOY

T FT4VL

oo

e8Iy
LTy
L°EHE
6°96¢
o*ofg’
£*%0¢
$*612
7°66¢
g€reed
1°01¢
8°881
L°891 -
9°64%1

L 1el

0°s11
9°66
Y*68
sl
8°09
€°06s
6°0Y

}o'i13ss01)

0°0
2191
6°t2lL
6°2821
2°6181
s°L1¢ed
9°9yL?e
S°612¢
L°E19¢
6°996¢
9°LLZY
Loy YGYy
€°L9LY
g°%4%6%
6°9L08
6°291¢6
€°202¢%
6°H%61S
0°0%16
1°.€0¢
g suaYy
6°2489Y
geceYy
1°821%
1°69.¢
9°8¢Et
g°2%82
0°12L22
L°9%T191
g°298
0°0

(s1232R)
SPMITITY

9°62L.91
B*GE991
022291
S°06LG1
Yo2Zyesl
0°06L8%1
6°109%1

g°216¢el.

yeelywel
9°50621
s*06€21
6°89811
S*lyell
€*80801
$°69201
2°62L6
¥°6116
0*0298
8°8%04
ge16%L
€819
*LEE9
8°9%LG
82918
£°61sYy
L°698¢€
1°881¢
L°89%2
Y*%0L1
8°G689
0°0

(s1939y)
28uey [BIUOZTIOY

QuF L

~~
gl
15
(2]
o]
=
a,
(5]

~

.




N
(WX) IONVY
8! 9] R4 2l 0) 8 9 2 . @ o)
_ T 00
QNNOY WW €02 40 AHOLO3rvYHL !
S 34N9L4
~2
o
-
t —1€ 4+
5 c
_ (=)
m
=
4y =
—S
—19
5 S S i et vt ] bumd SmmR  MEmE e Ml Mt Gemd  Geed  Gled B BT




(WX) 3ONVY

81 Sl i r4 Ol 8 9 vy - 4 o
[ T _ T T T T T

-5-

- +
39NVH NOJdN. o

379NV 123dSV 40 3O0N3IAN3d430
Z 34NoOi4

A L ok

AT

s ke

TR N A S e s AT R et st v o, o D T O O AP Co AU OTE, &




R it iy

2.0

shell axis makes with respect to the horizontal. The angle, tangent
to the trajectory, changes continuously with respect to range. Thus
the angle which the field of view makes with the ground plane also

changes continuously with time.

Figure 3 illustrates the deperdence of the horizontai velocity
component and the spin rate upon range. Both velocity and spin decrease
monotonically with range, and therefore, with time.

It is clear, therefore, that all the important parameters change
continuously with time. From this it is concluded that two types of

operation are possible.

A. Operate only during any portion of the trajectory in which

these time dependences .end to compensate for each other.

B. Measurc independently these time dependent parameters and
telemeter the values to the receiving station. Employ a
computer to reconstruct the imagery from knowledge of the

parameter values and time dependent photosignal.

- Obviously it is much more simple to operate in mode A than mode B.
Accordingly, the thrust of this analysis will be to examine the ballistic
data in light of the scanning model to be develcped, then ascertain
which, if any, portions of the trajectory allow for mode A operation.

If any portion does, then operation of the scanner during that portion
will be considered in detail.

AY

OPTICAL CONFIGURATIONS

2.1 Description

There are three optical configurations which are envisioned:

A. A "side looking" one in which the field of view is normal to
the axis of the shell, see Fig. 4. In this configuration the

optical system would be mounted, séy, halfway back from the nose.

The round might be contained within a sabot discarded after

e s
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launch, to protect the optics while within the artilléry tube.

Several optical systems would be arranged around the circumference.
If the required scan angle were sixty degrees, then six systems
would be employed. If a focal length greater than allowed by

the shell diameter were required, the optical axes of the six

systems could be arranged parallel to the shell axis, and plane
mirrors inclined at 45° to the axis would direct the field of

view normal to the shell axis.

B. A "forward looking" configuration in which the field of

view makes an angle, say 45°, with respect to the axis, see Fig. 5.
Here the optical system would be mounted either on the side or
nose of the shell. A cap to protect tihe optics would be discarded
after leaving the muzzle. Again, multiple optical systems would
be provided. The problem of arranging muitiple optical systems
around the axis would be more severe than for the side-looking

approach.

C. An axial configuration in which the optical axis is aligned

with the axis of the shell, see Fig. 6. The optical system would

be mounted directly in the nose, with one or more detectors mounted
slightly off-axis. This configuration has the advantage of requiring
only a single optical system. However, the scan angle must be

very limited in order to minimize off-axis distortions including
coma. Although a detailed analysis of distortions is beyond the
scope of this report, it would appear that the off-axis angle must

be no greater than a few degrees. This would severely curtail

the uvtility of the scanner. For this reason, the nose looking

configuration is ruled out.

2.2 Discussion

Of the remaining two configurations, the scanning geometry of the
side-looking one is the more desirable from the viewpoint of case of
reconstruction o! the imagery at the ground station. The field of

view of the side-looking configuration can be thought of as a
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circular plane concentric with the shell, see Fig. 7. (In reality, the

plane 1s very slightly wedge shaped in cross-section, the wedge angle
being the instantaneous angular field of view.) Regardless of the
orientation of the shell with respect to the. horizontal, the intersection
of this plane with the ground plane is a straight line. (It will be seen
in Section 3.1.3 that the width of the line varies with distance from the

center.)

On the other hand, the field of view of the forward looking one is
a cone whose apex is along the centerline of the shell. (Here too, there
is a ¢ .ght wedge-shape.) The intersection of this cone with the ground
plane is an ellipse, a straight line, or a parabola. Which of these
geometrical figures it is depends upon the instantaneous value of the angle
which the shell makes with respect to the horizontal, see Figs. 8 and 9.
Because the angle changes continuously during flight, the shapes of these

figures change with each scan during flight.

Reconstruction on the ground of the forward looking imagery is
difficult. The most direct way would be to employ a reflecting cone
whose half angle is the same as the angle which the optical system makes
with the shell axis. Radiation from a point light source whose intensity
is modulated by the electrical signal telemetered from the shell would be
reflected from the cone to fall upon a sheet of photographic film placed
horizontally below the cone. The angle which the cone makes with respect
to the film plane would be changed with time in a manner coincident with
that which the shell in flight makes with respect to the ground plane.
In this analogue method of imagery reconstruction, the path of the radiation
from the lamp to the film would be similar to the path from the earth plane
to the detector. Thus the modulated radiation reflected to the film by
the cone would érace out ellipses and parabolas similar to those scanned

by the shell on the earth.

PERFORMANCE CALCULATIONS

Calculations of the system performance can be divided into those
relating to geometrical considerations and those relating to photometric

con

47}

ideraticons, Inm the analvsis which follows, it will be assumed that

the side-looking configuration is emploved. The previous discussion :
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2 has shown that the geometry of the scan pattern projected upon the
ground for the forward looking configuration is an ellipse or parabola

. whose shape changes continuously with time during flight, whereas that

E ’ for the side-looking configuration is a straight line, independent of

; ; time. Furthermore, the only portion of the trajectory in which it might
. be desirable to look at a forward angle along the flight path rather than
normal to it, would be near impact. Yet it will be seen that mode A
operation, in which the time dependences of the parameters entering into

the scanning equation tend to compensate, is possible only during the

SR s

middle portion of the trajectory. Because the forward looking configura-
tion is the more complex, yet has no readily ascertainable advantages,
analysis of it will be left to some future date if warranted.

3.1 Geometrical Considerations

TR

3.1.1 Time Independent Contiguous Mapping

Analysis of the scanner geometry is similar to that of an airborne

(2)

mapper, dlscussed by Holter and Wolfe. The shell rotates at a rate

~t revolutions ﬁér sec. LeF n be the number of optical systems, arranged
every 360/n degrees around the axis. At the focal point of each lens
let there be a linear array of £ detectors, the axis of the array
paralleling the shell axis., Let there be L electronic
systems operating in parallel. At any instant these electronic systems
are individually connected to the detectors in a given array. This
array is the one whose optical system is looking downward, rotating
through an angle of 360/n about the vertical. The output of each of
the £ electronic systems is multiplexed to the telemetry transmitter.
As the shell rotates, the electronic systems are simultaneously switched
from array to array as each array rotates through the identified angle.
A timing signal for the switching, provided by a horizon sensor or

some other means, is also telemetered to ground.

Assume each detector element is square, having side length p.
If the focal length of the lens is f, the instantaneous angular field

of view B is given by

B = ._E_‘. (1)

et g
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Por the system to produce useful imagery, B should be no greater than 1 ' é

milliradian, with 0.1 milliradian preferred.

With each rotation of the shell, % parallel scan lines are swept out . ;
on the ground perpendicular to the shell axis. Since the shell axis is 3

tangent to the trajectory, the field of view intercepts the ground at an

e et WS o

angle to the normal which equals the angle OD of the shell axis with respect

to the horizontal. During the initial portion of the trajectory in which

the shell is rising toward apogee, the nose up condition causes the optical
system to scaniqhe earth plane at a point, termed the track, ahead of the
point directly below the shell, i.e., the range. At apogee, when the shell
axis is horizontal, the track and range coincide. Beyond apogee, the nose down
attitude causes the track tu trail éhe range. The relationship between

\

track and range is given by

X=X +h tanOD; 2

where x is the track aand X, is the range. Values of track as a function

of range for the assumed trajectory are listed in Table 2 and plotted in Fig. 10.

Because track and range coincide at launch and also at impact, yet
differ in between except at apogee, the track and range velocities must differ.
The range velocity is simply the horizontal component of the shell velocity.
The track velocity VT can be computed from the time derivative of the track

position. Thus

2 deD
Vp = Vg t VV tan OD + h.sec OD TR (3)

where VH and VV are the horizontal and vertical components of the shell

velocity.
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FIGURE 10
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The number of lines scanned per revolution is given by n%, and the
number of lines scanned per second is given by nfr. Assume that the
;caﬁning action must be contiguous, so that the lines are neither under-
lapped nor ov;rlapped. Then the horizontal distance traveled by the field

of view per second must equal the total width of the lines on the ground

per second. The width v of each line upon the ground is given by

’

2 .
= 4
v, Bh sec”0. | (4)
Thus
i _ 2, .
,VT = Bhnlr sec GD, (5
Rearranging gives
VicoszeD _
Bnl = T— . . (6)

The left side of Eq. (5) contains parameters whose values cannot be
chaﬁged during flight. The instantaneous field of view B, decermined by
the size of the detector and the focal length of the lens, the number of
optical systems, and the numbér of elements in the array are all predet :ruwined.
The right hand side contains ballistic parameters whose values are constantly
changing during flight. The right hand side can only equal the left hand side

at more than one instant of time if the time dependences of VT’ h, r, and GD

compensate each other in the ratio.

The ratio contained in the right hand side of Eq. (6), calculated from

the ballistic data of Table 1, is listed in Table 2 and plotted a. a function

of range in Fig. 11.
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The ratio changes continuously during flight, *irst decreasing, then
increasing past apogee. Only near apogee is it relatively independent of
range. The same conclusion is reached if the forward looking configuration
rather than the side looking one is employed, since the only change is to

increase the aspect angle BD by a fixed amount.

It is thus clear that for the assumed trajectory the requirement for
time independent contiguous mapping cannot be met over an appre:iable portion
of the trajectory. There is, however, a portion near apogee of approximately
1 kilometer length in which the requirement is essentially met, i.e., in
vhich the function plotted in Fig. 11 is nearly constant with range and track.
Thus the spinﬁihg round scanner can be employed over the assumed trajectory
by firing it such that the target of in“erest is below it at apogee. With
flatter trajectories it would seem that the useable portion of the trajectory

near apogee would be greater than 1 kilometer.

Consider now the magnitude of the system parameters. Figure 11 shows
that in the useable range near apogee the rat?o on the right hand side of
Eq. (6) is approximately 1 x 10-4. Experience dictates that a desirable
value of B is of the order of 0.1 milliradian. Thus the nf product. should
be unity, which can only be achieved through having n =1 and £ = 1. In
other words, contiguous mapping can be achieved by having one detector
and one optical system. In practice, however, four optical systems, each
with one detector, would be a better choice, each responsible for a 90°
sector. Although this would lead to fourfold overlap in the imagery, this
should not be a serious problem. Irndeed overlap can sometimes be employed

to Increase the signal-to-noise ratio.

It is necessary to verify that the diffraction limit is not exceeded.

This is given by

BD = 1.22X\/D; (7)
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where A is the wavelength of the radiation and D is the diameter of the
optics. Since the system is designed to operate in the visible portion
of the spectrum, X is approximately 5 x 10-4cm. D must be much less than

the diameter of the 203mm round, so assume D to be 8cm. Then

BD = 8 x 10-6 radians.

Thus the system envisioned is more than an order of magnitude away from the

diffraction limit, which is certainly sufficient.

The detector side length is given by Eq. (1). Assuming an £/2
optical system, then £ = l6cm and p = 1.6 x 10-3cm. Although preparing
a detector element whose side length is 16um is difficult, it is within

the state of the art wher photolithographic methods are employed.

3.1.2 Dwell Time

Configu&ﬁg mapping is not the only constraint’upon the system parameters.
It is also necessary that the scanner dwell on each resolution element a
time of at least kT, where k is a small number, say two, and T is the detector
time constant. The dwell time is given by the reciprocal of the number

of elements scanned per second, i.e., by (ZWr/B)—l. Thus

8 .
iz KU - (8)
6r i
A ~
T < me | ®

The ratio on the right of Eq. (9) involves the time independent
system parameters B and T, whereas r on the left changes with time during
flight. Since r decreasee monotonically with time, the inequality is

preserved throughout the flight if it is obeyed at launch,

Because the detector time constant has not yet been determined, the

inequality can be employed to set an upper limit to it. The value of 8 has

i A S ot D R ke
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been determined to be 1 x 10-4 radians. Assume k = 2. Table 1 shows that r
at launch is 117 rev/sec (735 rad/sec). Then the inequality shows that

T<6.7x 10-8sec.

The maximum allowable value of T is therefor~ 67 nsec.

3.1.3 Ground Resolution

A parameter of obvious interest is the ground resolution. At a given
altitude and aspect angle, the intersection of the instantaneous field of
view with the ground plane determines the ground resolution. As developed

in Eq. (4), the width v, of each line in the direction of the flight path

3 . and along the flight path depends upon seczen: The length m of each
: resolution element in the direction perpendicular to the flight path along

‘. the path is given by
mo = BhsecBD. - (10)

: To either side of the flight path, both w and m increase. From
4 . . Fig. 12 it can be seen that

W= wosecz¢ = Bh seczensecz¢; (11)

and

n= mosec¢ = BhsecGDsec¢; 112)

[

where ¢ is the scan angle to either side of the normal. Assuming the

value of n = 4 then ¢ = 45°.

Figure 13 illustrates the ground resolution as a function of range
for the assumed trajectory. The values of LA and m have been computed

from Eqs. (4) and (10) using the data from Table 1, and the value of

e 0 i NI 3 ek NS

B=1x 10-6 previously determined. The values of w and m were determined
from Eqs. (11) and (12), using also the data of Table 1 and assuming
B=1x 10-6. Furthermore, the value of ¢ = 45° has been assumed, so that
the w and m values represent the resolution at the extreme end of each

scanning line for a scanner having four optical systems, i.e., for n = 4.
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This is also consistent with the previous conclusions. Values of wo; W,

’ m,s and m can be found in Table 2.

Figure 13.shows that the ground resolution below the shell along the
flight path is no poorer than about 0.54 meters in the direction of flight
(wo) and about 0.52 meters perpendicular to the direction of flight (mo).
These maximum values of resolution are attained near apogee and decrease

: - i slowly on either side of apogee. Furthermore, the maximum (poorest)

resolution at the extreme edges of the scan, i.e., for ¢ = 45°, is approxi-
mately 1.08 meters in the direction of flight and 0.74 meters perpendicular
to the flight path. '

Since the time independent contiguous mapping requirement is only achieved
near apogee, the appropriate ground resolution values are those near apogee,
= which is the poorest case. Neverthelsss, the values quoted above compare
r favorably with those obtainable from airborne reconnaissance imagery. They

are certainly adequate for targets such as vehicles, roads, buildings,and

A e

-groups of individuals.

3.2 Photometric Considerations

The previous section addressed the geometrical requirements relating
to contiguous mapping. The signal-to-noise voltage ratio and minimum

.- detectable contrast are the subjects of the present section. It is assumed

that the spin stabilized round is fired during a clear sunny day. The

r.,-»m [

terrain 1s assumed to be a flat Lambertian (perfectly diffuse) reflector

characterized by an average reflectivity p which is wavelength independent

Poasamy

Pt P :

over the spectral-interval to which the photocell responds. Point-to-point
variations in the reflectance which characterize the imagery are given by
Ap. The signal-to-noise voltage ratio for a given average reflectivity will
be determined in terms of the solar irradiance, photocell properties, and
optical system. The minimum detectable contrast, i.e., the normalized
minimum detectable change in reflectivity, will be determined. Measured

properties of silicon photocells will be introduced into the performance

| s

equations to deternine nunrerical values of the sigral-to-noise veltage

ratio and threshold contrast.




. ——

3.2.1 Properties of Silicon Photocells

The spinning round scanner requires a low cost photocell. The dwell
.-time -analysis indicated a very fast response was needed. The obvious
choice is a silicon (Si) photodiode. The properties of Si.photodiodes
are reviewed below. Theig)data have been compiled from that supplied

by various manufacturers ~’ plus measurements reported by Naval Weapons

~—Center, Corona.(4)

.

(5)

The photocell is chiracterized by its spectral detectivity, D;,
its solar detectivity, D (TS),and its response time, T. The spectral
detectivity is ‘the output signal-to-noise voltage ratio measured in a

1 Hz bandwidth at a giQen center frequency in response to 1 watt of
monochromatic radiant power of a given wavelength. The solar detectivity
is the output signal-to-noise voltage ratio measured in a 1 Hz bandwidth
at a given center frequency in response to 1 watt of solar radiation.

The response time is defined in several ways; one is that point on the

modulation frequency response characteristic at which the signal voltage

has fallen to 0.71 of its value in the low frequency plateau.

A typical spectral response is illustrated in Fig. 14. The value of

* 12 1/2

DA at the spectral peak at 0.9um is 2 x 107 cm Hz™' “/watt. Also

illustrated is the spectral distribution of sunlight. From these two

(6) * *
from DA(0.9um) to D (T.) is found to be

S
*
3.3. Thus the value of D (TS) is 6 x 1011cm Hzllz/watt.

curves, the conversion factor

The response time of a Si photodiode can be limited by either the
time for photoexcited hole-electron pairs to transit the depletion region
of the junction or by the RLC product, where RL is the load resistance
and C is the junction plus package capacitance. With the very small
junction areas required for the intended application, the junction and
package capacitance would be sufficiently small so that for reasonable
makes of RL the frequency response would be limited by the electron-hole
transit time. In general, this would be of the order of 10 nsec, certainly

meeting the 67 nsec requirement determined earlier.
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3.2.2 Signal-to-Noise Ratio and Minimum Detectable Contrast

Consider the gecmetry illustrated in Fig. 15. Sunlight falling upon
the terrain with an irradiance (radiant power per unit area) of H is
reflected by the surface in a Lambertian manner, described by a cosine
distribution about the normal. The photocell at the focal point of
the optical system within the spinning round views the terrain through
a solid angle 82 at an angle of incidence SD along the path of length

R. Assume that at a given instant the area A, on the terrain intercepted

S
by the s0lid angle Bz is on the flight path, rather than to one side of

it. Then

2

S cosGD *

The radiant intensity J, i.e., the radiant power per unit solid

angle centered about the angle 0, is given by

D,

pHA_.cosB
Je —5 D (14)

T
where the factor T rather than 27T in the denominator arises from the
Lambertian reflecting nature of the terrain. The radiant power P

intercepted by the lens having diameter D is then given by

JHDZT

P 2T (15)
where T is the transmission of the atmosphere over the path length

R averaged over the spectral interval of interest.
\

Combining Egs. (13) - (15) results in

pHBzDzT

; (16)

Thus the radiant power falling on the photocell is proportional to
the terraln irradiance and reflectance, the solid angle 82 through
which the photocell views the terrain, the area of the lens, and the
atmospheric transmittance. It is independent of the aspect angle
GD;

the cosine dependence of the reflecting surface area upon BD.

the cosine distribution of the Lambertian reflector just cancels

L e i RSl RS T TN e =

B S
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An alternative expression for P is obtainad by introducing F, the

f/number of the lens,
F= —. an

Combining this with the expression for B, Eq. (1), allows Eq. (16) to be

rewritten as

2
P = _ng_l (18)

4F

where pz is the area of the detecting element of the photocell.

The signal-to-noise voltage ratio in the output from the photocell

-1e given by

= p31/2 ) (19)

vy PD(T)
S
where B is thé bandwidth in which the signal-to-noise is measured.
(The noise voltage is proportional to the square root of the bandwidth).
The bandwidth is determined at its upper limit by the dwell time T.
Its lower limit will be of the order of 100Hz, to minimize the contribu-

tion from 1/f power law noise. Thus, for all intents and purposes,

B= +—: (20)

For T= 67 nanoseconds, B = 2.38¥Hz. Combining Eqs. (16},(19), and
(20) results in

= ’ (21)

. 2.2 %
Vg PHR“D“TD (TS)
N /2

4pB1

Equation (21) describes the signal-to-noise voltage ratio in the
photocell output in response to sunlight reflected from terrain having
an average reflectivity p. This expression does not provide for contrast
in the scene. In reality, the imagery is reconstructed from small
variations Ap in the reflectance. Without these, the scene would be

uniformly bright, davoid of detail.

Ir




S Al N

Rgiay

e

-33-

Thus, a figure of merit of particular interest is the minimum
detectable contrast, Cmin’ defined as that minimum contrast in the
scene which gives rise to a signal just equal to the noise within the
bandwidth B. Since contrast is defined as

C = ; -(22)

R

cmin is determined by solving Eq. (23) for that value of Ap required
to give rise to a signal-to-noise voltage ratio of unity, then dividing

by the average reflectivity p. Thus

4pBl/2

min = (23)

.

* .
oHRZD2TD (Tg)

which is just the reciprocal of the signal-to-noise voltage ratio.

Note the Eqs. (21) and (23) do not contain explicitely any trajectory
parameters. The signal-to-noise voltage ratio and the minimum detectable
contrast are independent of range , altitude, and aspect angle, except
insofar.as thé atmospheric transmittance T depends slowly upon range.

It can be seen that the path length R and angle GD both cancel in the
expression for the radiant power P falling on the photocell, Eq. (16).

The theoretical values of the signal-to-noise voltage ratio and
minimum detectable contrast can now be determined. The irradiance of
sunlight outside the atmosphere (solar constant) is 0.14 watts/cmz.

Because of atmospheric absorption over the wavelength interval of interest,
the irradiance H at the surface of the earth on a cloudless day will be
approximately 0.09 watts/cmz. The reflectance p of terrain varies

widely over'the earth, but a representative value in the spectral interval
of interest is 0.1. A representative value for the lens diameter D is

8 cm. It has already been shown that a reasonable choice for 8 is 1.0 x 10
radians, and that p = 1.6 x 10—3cm. The transmission of the atmcsphere

is assumed to vary only slowly with path length. Over the spectral interval

and path lengths of interest its value is estimated at 0.8. The value of

1lcm Hzllz/watt. The value of the

bandwidth B is assumed to be 2.38 MHz.

*
solar detectivity D (TS) is 6 @ 10

4
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Inserting these values into Eq. (21), the signal-to-noise voltage
ratio 1s found to be

‘v
—3_ - 2s80.
V.,

N

Similarly, the minimum detectable contrast is

‘C = 0,00357.
min

Thus, with values of the parameters consistent with the problem, the

predicted signal-to-noise voltage ratio is 280, and the minimum detectable

contrast is 0.36%. In other words, a reflectivity change of 0.367% of the

-average reflectivity of 10%, or an absolute reflectivity change of 0.036%,

is detectable.

The values of signal-to-noise voltage ratio and minimum detectable
~ontrast ﬁermit'ﬁigh quality imagery under clear sky daylight operational
conditions. Operation under cloudy conditions, in which the irradiance
is reduced by one order of magnitude, is even possible, since the signal-
to-noise voltage ratio and minimum detectable contrast depend linearly
upon the irradiance. That is to say, under an overcast sky, the signal-
to-noise voltage ratio would be 28, and the minimum detectable contrast
would be 0.0357. Of course, the cloud layer must not be between the scanmer
and the earth, so the cloud ceiling must be higher than the apogee, since
time independent coﬁtiguous mapping 1s possible only near apogee for the

.

trajectory under consideration.
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4.0 DISCUSSION AND SUMMARY

' This report constitutes an initial examination of the cor~ept of

employing an expendable spin stabilized artillery round containing a

TRV AT

simple opﬁical system and telemetry equipment to obtain reconnaissance

imagery. The analysis considers the geometric and photometric require-

NI AT

ments, including time independent. contiguous mapping, signal to noise ratio,
and minimum detectable contrast. Equations are derived having general

applicability. In order to obtain numerical values of the appropriate system

performance parameters, data for a 203mm round fired due north from the
equator at a 45° elevation with a zone seven charge have been employed.
There is nothing unique about this trajectory; it was simply one provided

to illustrate the calculations. Indeed, it appears that a lower elevation

with a flatter trajectory would have been a better choice.

Three configurations for the scanner were initially considered, an
axial one, a forward looking one, and a side looking one. The axial one
was ruled éut because of its limited field of view. The forward looking
one was not considered in detail because it introduces excess complexity.
That is to say, the intersection of the field of view with the earth plane
is a series of parabolas and ellipses whose parameters change continuously

during flight.

The side looking configuration has been examined in detail. The
requirement for time independent contiguous mapping, summarized by Eq.(6),
is applicable to all trajectories. Introducing the assumed trajectory
data, Table 1, it is found that the contiguous mapping requirement is
satisfied during an interval of about 1 kilometer near apogee. Actually,
the requiremeni is not really satisfied, since the scanning lines will
overlap. However, the ground based imagery reconstruction system can
accommodate the excess information pruvided by overlap, whereas it cannot

of course supply the missing information had underlap been the problem.

The ground resolution has been examined both along the track and

perpendicular to it. Equations (4), (10), (11), and (12) expressing it

are genevrally applicable to all trajectories. By introducing the assumed

trajectory data, the resolution at apogee was found to be
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roughly 0.5 meters square along the track, increasing to about 0.7 x 1.1
meters at the maximum distance perpendicular to the crack (45° off-axis).
These values should certainly be adequate for imagery of vehicles, road,
buildings, and groups of personnel. It may be possible to exploit the

overlap to obtain imagery of even higher resolution.

The analysis also showed that the optical system could be very
simple, four lenses arranged at 90° intervals about the shell circumference,

each with a single silicon photocell at the focal point.

The photometric requirements have been examined in detail. Equations
(21) and (23); generally applicable, describe the signal-to-noise voltage
ratio and the minimum detectable optical contrast. The trajectory does
not enter explicitely into the photometric considerations since the path
length and aspect angle both cancel in the expression for the optical

power reaching the photocell.:

By inserting values of solar irradiance appropriate to a clear day,
the signal-to-noise voltage ratio and minimum detectable contrast have
been numerically evaluated. These values assure excellent performance
under sunlit conditions. It appears that even with an overcast sky,
the performance would be very good. Of course, the optical system cannot
"see"through~  clouds; the round would have to be fired below the cloud

layer.

In summary, then, it appears from this initial examination that the

‘spinning round concept is feasibie, or at least it has not been shown

to be not feasible. The photometric requirements can be met during

~daylight operation, even beneath clouds. The time independent contiguous mapping

requirement for the assumed trajectory can be met over a distance of

about one kilometer near apogee. Presumably the requirement can be met
over an even greater distance for a flatter trajectory. In Operatioﬁ, the
shell would be fired such that the targets of interest lay below the shell
at apogee. The ground resolution so obtained would certainly be adaquate

for many targets of interest.

I RO
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5.0 RECOMMENDATIONS

Because this initial study has shown the concept to be a promising

one, further studies are warranted. Among these are the following:

Other Trajectories

Examine other trajectories to see whether the contiguous mapping
requirement can be met over a distance greater than 1 kilometer.
Rather than employing numerical data in the form given in Table 1,
combine the trajectory equations with the contiguous mapping and
ground resolution equations, then solve directly to obtain plots

similar to Figs. 11 and 13.

Synch Signal

A synch signal is required to trigger each scan line in the
ground based receiver. Some device such as an on-board horizon

scarner is:needed. Determine the synch signal requirements and examine

possible techniques for meeting them.

'Telemetry System

The telemetry system has been ignored. Explore the initial

configuration of the on~board transmitter and ground based receiver.

Imagery Reconstruction Equipment

\

Explore the requirements and configuration of the ground based

equipment employed for imagery reconstruction.

Shock & Vibration

From sources of information such as Project HARP examine whether

the electronic and optical systems can withstand the firing shock.

Lab Experiments

Simulate the scanner by breadboarding the optical system, mounting
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it on a turntable to provide the scanning action, providing a controlled
optical input representing sunlit terrain, and examining the electrical

' output from the photocell.

YR S L PR

Inftial On-Board System Layout

Consider how to configure the optical and electrical equipment

for various rounds such as the 155mm, 175mm, and 203mm ones.

System Cost

Obtain a rough cost estimate of the expendable round and the

ground based equipment.

-Applications

Determine the military use of the system, given its performance

and limitations, for the 155mm, 175mm, and 203mm rounds.

Alternative Approach

Examine the feasibility of the mode B approach wherein the time
dependent parameters including altitude, aspect angle, velocity, and
spin rate are continuously monitored and their values telemeterel to
the ground based receiver to be used in the imagery reconstruction
equipment. Determine whether the additional complexity and cost is
a valid tradeoff for being able to obtain useful imagery over the

entire trajectory.
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it on a turntable to provide the scanning action, providing a controlled

optical input representing sunlit terrain, and examining the electrical

output from the photocell,

Initial On—Bdard System Layout

Consider how to configure the optical and electrical equipment

for various rounds such as the 155mm, 175mm, and 203mm ones.

4

System Cost

Obtain a rough cost estimate of the expendable round and the

ground based equipment.

-Applications

Determine the military use of the system, given its performance

and limitations, for the 155mm, 175mm, and 203mm rounds.

Alternative Approach

Examine the feasibility of the mode B approach wherein the time
dependent parameters including altitude, aspect angle, velocity, and
spin rate are continuously monitored and their values telemeterel to
the ground based receiver to be used in the imagery reconstruction
equipment. Determine whether the additional complexity and cost is
a valid tradeoff for being able to obtain useful imagery over the

entire trajectory.




