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GNAT--AN INFRARED HOMING ANTIPERSONNEL MICROMISSILE

by

Eugene H. Farnum

ABSTRACT

New technological discoveries make possible the development
of a very small, terminally guided missile that could greatly
increase the lethality of hand-held antipersonnel battlefield
weapons. This missile could have a body diameter of only 20 mm
(0.8 in.), a length of 100 mm (4 in.), and a weight of 90 g
(~3 o0z). It could be launched from a hand-held weapon similar
to a rifle with ~100 m/s initial velocity or dropped from air-
craft to seek out and attack human targets on the battlefield.
The conceptual missile is powered by a small solid propellant
rocket capable of sustaining flight at 100 m/s for >1-km range.
The missile body and any fixed aerodynamic surfaces are made of
injection-molded plastic. An infrared seeker, made with multi-
apertures, cast, chalcogenide glass lenses, and thermoelec-
tically cooled thin film infrared (IR) detectors, has a human
target acquisition range of ~50 m with a field of view of ~35 m.
This allows a capture angle of *#2° at 500 m. The flight control
and guidance system uses a miniaturized linear gyroscope and
silicon chip micromechanical devices. A very large scale
integrated (VLSI) circuit reads the IR sensors and supplies
flight correction signals to aerodynamic steering surfaces.
These steering surfaces are made of multilayer piezoelectric
polymer bimorphs that bend by an amount proportional to an
applied voltage. The warhead, which can weigh 1.5 oz, is con-
ceptually a high-explosive/pellet type. Operating power is sup-
plied by a polyacetylene battery which is formed into a tube and
inserted as a liner for the missile case.

The missile is made of mass-produced modules that can be
easily assembled without mechanical moving parts or adjustment.
The modules include (1) the body with polyacetylene battery and
piezoelectric polymer steering fins; (2) the integral seeker,
guidance, and fuzing package; (3) the warhead; and (4) the
rocket-assist motor.

Even though the IR seeker would only have limited background
discrimination capability and would depend on a temperature dif-
ference between the target and background, it would be substan-
tially more effective at hitting a human target than an assault
rifle, requiring only approximate initial pointing. It would be




effective at night and in adverse weather against unprotected
troops. This missile could dramatically reduce the cost/kill for
battlefield troops. An airfield-dropped version need not have
a rocket assist and could carry a larger (2-oz) warhead.

The following new technologies make this missile possible:

+ Piezoelectric polymer multilayer bimorphs have been demon-
strated and used as fans to cool electronic instruments.
The material is available and the theory of operation is
well understood. Development of an optimal adhesive and
improvements in fabrication techniques are required.

+ The IR seeker and guidance package would need substantial
development effort, but the technology of multiaperture
optical seekers, IR transmitting glasses, thin film IR
detectors, silicon chip micromechanical accelerometers,
and custom VLSI circuits is presently state of the art.
Mechanical design of a miniaturized linear gyroscope must
be demonstrated.

+ Polyacetylene batteries represent an emerging technology
but are not a critical part of the missile design. Cur-
rently available batteries would suffice.

* The missile body, warhead, and solid fuel rocket are cur-
rent technology.

All these technologies are readily adaptable to automated mass
production, assembly, and certification.

The concept originated in the Advanced Weapons Technology
group at Los Alamos National Laboratory. Initial calculations
show that all elements of the system are compatible with the in-
tended mission and capable of being developed to adequate
performance.

A 6.1 study to more fully explore the details of the con-
cept, investigate potential materials, and identify problem areas
would be the next logical step. A study to determine the sensor
characteristics necessary for IR discrimination of soldiers on a
battlefield would allow a more accurate cost/kill number and aid
in preliminary design. However, this will be a low-cost, mass-
produced missile, and high levels of discrimination are not re-
quired to achieve a favorable cost/benefit ratio.




I. INTRODUCTION
A. The Current State of Affairs

Self-guided (fire-and-forget) weapons are gradually replacing aimed and
man-guided weapons in all aspects of modern warfare planning. This is primarily
because they have a greater kill probability than more conventional weapons and
offer a greater degree of protection (survivability) to the launch platform. 1In
addition, the launch platform can engage more targets because it is freed from
the need to follow the course of the weapon or observe the hit. The exception
to the use of self-guided weapons is the infantry soldier.

Unarmored infantry troops are still a major force on most modern
battlefields--certainly in the recurring third world conflicts and somewhat less
so in the envisioned European conflict. Because of rapid automatic fire and
tracer ammunition, the current infantry weapon (the M-16 assault rifle) cannot
be called unguided at ranges up to 300 m, but it is certainly not self-guided.
In fact, the assault rifle is notoriously ineffective in terms of the numbers of
rounds fired or the cost per enemy soldier killed.1 Other weapons for attacking
unarmored infantry are designed to be released from smart weapons systems as
submunitions. However, unlike the homing submunitions used for defeating
armored vehicles, the antipersonnel submunitions are unguided bomblets or
grenades, which blindly attempt an area kill using blast or small fragments.
Clearly, a terminally guided, fire-and-forget, antipersonnel weapon could have
as profound an effect on the nature of infantry combat as air-to-air heat-
seeking missiles have had on aircraft combat.

The main reason that self-guided weapons, namely guided missiles, have
not been developed for antipersonnel missions is that guided missiles are too
large, too expensive, and insufficiently maneuverable for such a low-value,
elusive target. The application of missiles to attack small, low-value targets
requires small, low cost missiles. However, a guided missile has to have a
mechanical steering control, a propulsion unit, a gyroscope or stabilization
package, a target detection sensor, and a guidance computer. Mechanical steer-
ing typically uses hydraulics and is heavy. Stabilization usually employs
sensitive gyroscopes and is expensive. A heavy, expensive missile must attack a
valuable target, but valuable targets are encountered at long ranges and are
usually large. Thus, the propulsion unit must be large with sufficient fuel for
the needed range and the detection sensor must be large and sensitive enough to

acquire the target at that range. Then, the warhead must be sufficiently large



to defeat the target when the missile has done its job. Finally, since this
large missile is now also high value, more sophisticated guidance and control
are justified to assure high reliability and high kill probability. As you can
see in Fig. 1, a vicious circle develops which limits the minimum size of the
missile and the minimum value of the intended target. What is needed to break
this circle is a lightweight, compact steering technique; a low-cost stabili-
zation package; a simple, cheap detector; and a miniaturized computer.

B. The New Technologies

Newly developed and emerging technologies allow solutions to these prob-
lems and an infrared (IR) homing, antipersonnel missile with a mass of <100 g
is currently possible. It is my purpose, in this report, to propose a configu-
ration for such a missile and to show that, by using current technology, an
effective terminal-homing antipersonnel missile is feasible. The design of a
missile system is a complex tradeoff between the desired mission, the per-
formance of each subsystem relative to the whole, and the cost. 1 have made
no attempt in this study to optimize the design nor do I wish to restrict its
configuration to the one I have chosen. The choices I have made for the size
and weight of the missile, its aerodynamic characteristics, and the desired
performance of each subsystem are only loosely balanced with each other and with
the assumed mission and are not meant to be more than an example of what is

possible.
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Fig. 1. The vicious circle leading to large missiles.



The missile, as shown in Fig. 2, would be steered by aerodynamic fins
made of piezoelectric polymer or polymer/piezoelectric ceramic multimorphs.
These devices are made by laminating layers of piezoelectric material so that
adjacent layers are poled in opposing directions normal to the film plane. A
voltage, applied to the stack, contracts the films on one side and expands those
on the other side causing a bending of the stack similar to a bimetallic reed
used in thermostat devices. The deflection can be much greater than the con-
traction or expansion of the individual sheets and, as will be shown below, the
available force is adequate for this applicat:ion.z_7 Piezoelectric multimorphs
have been used as vibratory fans to cool electronic apparatus. The use of
piezoelectric multimorphs for steering fins eliminates all mechanical components
in the flight control and allows purely electronic guidance.

If straight-line flight is desired, the guidance and stabilization
package must stabilize the missile until a target is acquired--a time of <10 s.
This can be accomplished by a miniaturized vibrating cylinder or vibrating rod
linear gyroscope.g_15 Vibrating cylinder gyroscopes have been thoroughly
studied and have been made in sizes only a few times larger than desired for our
application.16 Some innovation would be needed to achieve the desired low cost,
but smaller is generally cheaper and no technological impediments are apparent.
Alternatively, a linear gyroscope similar to that used by the common house fly
to control its altitude may be used.10 I will suggest below the use of a single
crystal SiC fiber with a magnetic sphere attached to one end to make a micro-
scopic linear gyroscope capable of short-term stabilization. The gyroscope can
be complemented if necessary by miniature linear accelerometers made from

single-crystal silicon wafers.17’18

Such devices use a new technology and are
called micromechanical silicon devices.

Infrared detection and target acquisition would utilize thin film PbSe,
PbS, or HgCdTe IR detectors mounted on thin film thermoelectric coolers if
needed. The most efficient optical system is probably the multiaperture "fly's
eye' technology, which uses a small number of lenses each with a small number of
detectors with overlapping fields of view (FOV); seven lenses with seven detec-
tors each have been used. Thin-film silicon detectors have already been made
with adequate detectivity, and research is progressing rapidly on HngTe.19 IR-
transmitting lenses of germanium or chalcogenide glasses20 can be mass produced
by simple molding processes. Multiaperture systems of the same size as needed

for our application have already demonstrated sufficient resolution and have
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Fig. 2. Features of the GNAT--an IR homing antipersonnel micromissile.




generated steering commands for a homing system called Multiaperture Optical
Thermal Homer (MOTH).21 A major advantage of such a system is that the number
of detectors, and thus the required computing capacity for rapid image analysis,
is within the capacity of VLSI circuit technology under development by the
Defense Advanced Research Projects Agency (DARPA).

Considerable computer capacity is needed for the image processing,
guidance and stabilization, and steering functions. In addition, several power
supplies and other miscellaneous electronics will be needed for control, fuzing,
and other desired functions. VLSI circuit technology can already put sufficient
computer power on a single chip that is <1 cm on a side. Commercial computer
chips are available with 256,000 random access memory in a few square
millimeters.22 The entire electronics package could be designed as a single
VLSI circuit chip using technology being developed in current DARPA programs.
The power supply must be capable of a few watts for ~10 s and must have a long
shelf life. Currently available lithium batteries have adequate size and power
for this use.23 Polyacetylene batteries are an emerging technology which also
may prove useful.

The missile could be launched by airdrop or from a hand-held or machine-
mounted launcher. A small, solid fuel rocket motor (similar to those used by
model rocket hobbyists) would be used to maintain the desired velocity for the
useful range (assumed to be ~1 km). It is also possible within the size and
weight limitations used in my example to increase initial rocket thrust suf-
ficiently to allow a recoilless launch.

The missile used in this example can carry a 1- to 2-oz (30- to 60-g)
warhead. The envisioned warhead would be a cylinder of close-packed tungsten
spheres surrounding ~10 g of high explosive. This warhead would weigh ~1.5 oz
(46 g). Although more innovative concepts may be developed for the warhead,
this example has more propellant and about the same shot weight as a 12-gauge
shotgun shell. It will be more than sufficient for a contact kill and will
probably have a kill radius of a few feet.

In the discussion below, I will expand on these ideas to show that the
performance of each part of the system is adequate and then discuss the cur-
rently available technology. However, we must first develop an intended
mission, show that the missile could be cost effective, define the nominal

target, and develop design criteria.




II. OPERATIONAL ANALYSIS
A. The Mission

The purpose of the proposed missile is to attack unmounted infantry per-
sonnel. Usually these personnel will also be unarmored except for battle dress,
which may include lightweight body armor. The battlefield may be anywhere, but
the mission is intentionally limited to situations in which there is some
measurable difference between the target and the background. That is, where an
IR detector is used the target must be either hotter or colder than the back-
ground. The background threshold temperature will be determined by that temper-
ature which includes most of the signals received from "hot rocks" or false
targets. The number of false targets allowed above the background threshold
temperature affects the probability of hitting the intended target and will be
determined by the cost of the missile. TIf the missile can be made very cheaply,
it will be reasonable to attack every hot object on the battlefield knowing that
a fraction of these hot objects will be desired targets. Obviously, there will
be situations where human targets are indistinguishable from the background with
IR detection and the missile will not be useful. Such situations can be deter-
mined in advance and detailed in the User's Manual.

B. Launch Options

The missile may be launched in different ways, depending on the desired
mission. It may be dropped by aircraft over enemy troops and follow a spiral
descent while searching for a target. It may be dropped similarly by a dis-
penser as a smart submunition. Using its own propulsion, it may be fired from a
hand-held weapon in the direction of a potential target or it may be fired in
salvo from a motor-driven platform. The trajectory between launch and target
acquisition may be a straight line of sight, a ballistic path, or some more com-
plicated path. The latter may be preprogrammed or programmed at time of fire to
attack targets hidden from view. Similarly, a range-set would be an easy
addition. With an wuncooled detector, the missile may be prepositioned to
"watch" a jungle trail or urban street and launch itself at any detected target
within its acquisition range.

C. Cost Effectiveness

The foremost operational analysis questions are, "What is the cost per
kill vs the target value? What are the alternative weapons?'" Alternative
weapons include bomblet submunitions, machine gun fire, and the M-16 assault

rifle. The cost per kill of these weapons is difficult to obtain, but in the




Vietnam conflict the cost of M-16 ammunition exceeded §$5000 per casualty
inflicted.1 Figure 3 shows the number of rounds fired by infantry rifles vs
casualties inflicted for some Twentieth Century conflicts. The M-16 ammunition
(5.56-mm NATO) weighs 12.5 g and has a volume of ~4 cm3. If the missile were
~100 times more effective at hitting a target at 100 g and a volume of 30 cm3,
it would be about 10 times more effective for logistics support (weight and
volume) than the M-16. There is obviously a lot of room for improvement in this
area and the size and weight of the proposed missile are well within the range
of acceptable effectiveness. Nevertheless, we must constantly keep in mind the
delicate balance that determines cost effectiveness and the vicious circle of

missile size described in Fig. 1.

D. The Nominal Target

A typical human being at rest generates about 100 W of heat from meta-
bolic processes. This heat is rejected from the body by radiation and con-
vection from exposed surfaces, by transfer to the air in breathing and, if
necessary, by evaporative cooling (perspiration). Metabolic heat output in-
creases with increasing activity, and the body attempts to regulate its temper-
ature by raising skin temperature and perspiring. Since the body cannot raise
the skin temperature above 310 K (98.6°F), perspiration takes over in warm con-
ditions. In cold conditions skin temperature decreases as the body tries to
preserve heat. This decrease is limited since temperatures of less than 299 K
(79°F) become uncomfortable and require clothing to reduce the radiating area.
Let us try to make a typical (average, nominal, or guessed) case by assuming
that the body generates 100 W, that it rejects this heat over the entire 2 m2 of
body area, and that 60% of the cooling is by perspiration, convection, and
breathing. In this case the radiated heat is 21 W/m2. With an emissivity of
0.8, this corresponds to a temperature difference of 4 K at a radiating temper-
ature of 300 K. Thus, for a background of 304 K (88°F), the skin temperature
will be 308 K (95°F). Note that this is quite a conservative estimate and that
temperature differences between skin and background of more than 10 K are not
unusual. The ideal blackbody emission at 308 and 304 K in various spectral

regions is shown in Table I.
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TABLE I

BLACKBODY RADIATION FOR A TARGET AND BACKGROUND
IN SEVERAL WAVELENGTH BANDS

Target Background
Emitted Flux Emitted Flux Net
Wavelength Range at 308 K at 304 K Emitted Flux

(pm) (W/n®) (W/m®) (W/n’)

All 510.0 484.0 26.0
8.5-12.5 132.0 124.0 8.0
8-9 34.3 32.0 2.3

9-10 35.0 32.8 2.2
3.4-4.8 3.9 4.5 0.6

1.8-2.8 25 x 1072 1.9 x 1072 6 x 1073




Atmospheric transmission bands at 8.5 to 12.5 (the 8- to 12-um band) and
3.4 to 4.8 pym (the 3- to 5-um band) are commonly used for IR detection to avoid
atmospheric absorption.

Thus we expect a person, in rejecting his 100 W of heat, to radiate a net
flux of 0.6 W/m2 in the 3- to 5-pm band and 8 W/m2 in the 8- to 12-ym band.

The background temperature of 304 K taken for this typical case will cor-
respond to the background threshold temperature discussed earlier. Possible
battlefields can have average temperatures between 253 and 315 K (-5 to +107°F)
and will make target detection more or less easy respectively. Attempts to
model carefully controlled backgrounds24 have been relatively successful. For
example, a field of grass can be described by an effective blackbody temper-

ature, Te’ different from the temperature of the air, Tair’ which is given by

Te = -14.3 + 1.6 Tair ,
where temperatures are in degrees centigrade. This does not account for
reflected solar radiation, hot rocks, and metal surfaces. Reflected solar radi-
ation can be significant in the IR but the reflectance of the target and the
average background are both low and probably about the same (~10%). Hot rocks
and metal surfaces can obviously pose a discrimination problem for a nonimaging
IR system on a warm sunny day. I believe that the usefulness of this proposed
missile under such conditions must be determined experimentally with prototype
systems. In addition, these conditions, least favorable for good IR detection,

are also most favorable for alternative weapons, such as the M-16 rifle.

III. CURRENT DESIGN CRITERIA

To demonstrate that techmology is adequate to make an effective missile,
some design parameters must be specified. I have selected the target character-
istics and background for a "typical” scenario. Performance characteristics
necessary to make the missile a cost-effective addition to the antipersonnel
arsenal must also be selected before even a preliminary design can be attempted.

I have taken the case of a missile fired from a hand-held weapon at a
target 500 m away. The shooter is assumed to be able to point his weapon within
12° of the location of the target at missile arrival (a full-choke shotgun with
a range of 50 m, requires pointing *0.6°). A field of view (FOV) of #2° at
500 m is 32 m diam. If the missile cannot acquire the target at 500 m, the FOV

11




must still be 32 m diam at the acquisition distance. Thus, the optical FOV
depends on the acquisition distance, which in turn depends on the detector
sensitivity. However, it does no good to have the FOV cover an area larger than
the missile's ability to turn and attack. The minimum turning radius of the
missile is determined by the maximum aerodynamic force that can be exerted by
the steering surfaces and on the air speed. The minimum turning radius also
depends on wing area, aerodynamic design, missile mass, and moment of inertia;
however, the steering force possible with piezoelectric bimorphs is limiting for
our case. Thus, the limitations of detector acquisition distance and
aerodynamic steering force are interdependent in the missile design, and both
determine the available FOV and airspeed.

The missile could cover more area and have a larger FOV with a slow speed
and large wings. However, in addition to the limitation on missile (and thus
wing) size imposed by our desire to minimize cost, the missile must be suf-
ficiently fast so that the target cannot detect the attack and evade it. A
person observing a missile coming toward him can either shield himself or remove
himself from the FOV. Typical eye-hand reaction time is 0.2 s, so it is con-
ceivable that a person could shield themselves in 0.5 s. They could not move
16 m out of the FOV in that short a time. Since the proposed 2-cm-diam missile
will become visible against a good background at a range of 30 to 50 m, an air-
speed of 100 m/s should be adequate for the missile to be effective.25

This speed is also consistent with the wing area and turning radius
desired. A number of discussions have suggested that it may be desirable for a
soldier to be able to avoid the missile if he sees it coming soon enough. These
arguments are based on distractive and psychological advantages; further con-
sideration of this point will be left to strategists and the interested reader,
since there is no reason why the missile speed could not be reduced or increased
within limitations discussed below.

Finally, the warhead must be sufficient to kill the target. A 100-g
missile traveling at 100 m/s would probably kill a person without a warhead if
it hit a vulnerable spot. Since the soldier may be surrounded by other hot
objects, which may decoy the missile, such as his rifle or a pile of just-fired
cases, a kill radius of ~1 m for the warhead is preferred.

The criteria adopted for the missile proposed herein are based on a sce-

nario which may not have much relevance to the mission envisioned by the reader.

12



It will be the task of the reader, skilled in the art of combat and with experi-
ence which shows him where such a missile is needed, to define criteria for his

desired mission.

Iv. TARGET DETECTION
A. Detectors

The limit to maximizing the target acquisition distance is the sensi-
tivity of and noise in the IR detector. Sensitivity is generally represented by
a parameter called the detectivity or D%, expressed in units of cm Hzl/zw_l,
which depends on the detector material, the material purity, the care taken in
detector design, and the detector temperature. The detectivity also depends on
parameters of the electro-optical system, such as wavelength band, integration
time (or the inverse called flicker frequency), and background temperature.
Carefully designed detectors can have total noise limited by background vari-
ations. In the case of photon detectors (probably the best choice for this
application), this type of detector is called a Background Limited Infrared
Photodetector (BLIP), and its detectivity, D*BLIP’
integration time, t, bandwidth, AA, and background

can be determined for a
specific wavelength, A
p a g ’ peak’
temperature, Tb’ It can be shown from first principles of detector physics that
the noise equivalent power on a detector array from an optical system is given

by

5

f
NEP=IT$ NE (1)

where

f is the ratio of focal length to diameter of the lens system,

¢ is the lens diameter,

Q is the solid angle of the FOV,

N is the number of detectors,

D+ is the detectivity of a single detector for the conditions of interest,

and

t is the integration time (sometimes called frame time).

The ratio of the power radiated by the target that falls on the lens to the
NEP is the signal-to-noise ratio (SNR) of the detection system. The distance

13




from the target for which SNR = 1 will be called the acquisition range, although

there is reason to believe that multiaperture systems can do somewhat better, as
will be discussed below.
Infrared detectors are commercially available26 for both the 3- to 5-um
and the 8- to 12-ym bands. These are available in packages as small as 4.7-mm-
diam transistor cans, as shown in Fig. 4. They can be supplied with two-stage
thermoelectric coolers, capable of detector operations below 230 K with only a
few watts electrical cooling power. Examples of commercial detector performance
are shown in Figs. 5 and 6. The 8- to 12-um band will use Hgl_XCdXTe detectors,
while the 3- to 5-um band is best served by PbSe detectors. Detectivities of
the order of 1010 cm Hzlé W_1 appear to be the present state of the art although
theoretical values are higher.2
It will probably be necessary to cool the detectors to achieve the
desired detectivity, especially in the 8- to 12-pm band. Figure 7 shows the
maximum temperature for BLIP operation as a function of background photon flux.
For the 8- to 12-um band, temperatures of ~120 K are needed for BLIP operation.
If BLIP operation is achieved, the detectivity can be >1010 cm Hzléw_1 for a
300 K background temperature, as shown in Fig. 8. The detectivity also falls
off for long integration times because of an elusive 1/f noise associated with
all detectors.
In summary, the following represents the current state-of-the-art in
photon detectors for the IR when observing a 300 K background.
3- to 5-pm band--detector temperature <250 K
frame frequency > 300 Hz
material - PbSe
detectivity D* = 1010 cm Hz% W_1
theoretical limit D* = ~2 X 1011 cm Hzlé W

’

-1

8- to 12-pym band--detector temperature <150 K
frame frequency > 300 Hz
material - Hgl_XCdee

.. oo 9 » -1
detectivity D* = 5 X 10° cm Hz* W
L -
theoretical limit D* = ~3 X 1010 cm Hz? W 1

Cooling may be achieved rather easily by thermoelectric coolers or by
micro-sized Joule-Thompson refrigerators, and if detectivities of

L
1010 cm Hz? W 1 are needed, some detector cooling will be required.
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Optotlectronics, inc.

SPECIAL FEATURES

PEAK SENSITIVITY COMPARABLE TO DEVICES
OPERATING AT 77°X

THERMOELECTRICALLY COOLED

PROVEN SOLID STATE STABILITY
HERMETICALLY SEALED
RUGGED, COMPACT

IMMEDIATE DELIVERY

LOW COST

BRIEF DESCRIPTION

OTC-12-5 series infrared sensors are OPTOELECTRONICS,
Inc. lead selenide (PbSa) detectors mounted on two stage
thermoelectric coolers and packaged in TO-5 cans.

Designed for use in applications requiring detectors with
extremely high sensitivity in the 1um to Sum spectral region,
these sensors offer an economical means for obtaining cooled
photoconductive detector performance without the bulk and
inconvenience of liquid cooling.

OTC-12-5 detector packages are fully evacuated and hermet-
ically sealed. incorporating advanced packaging concepts
such as all fused and welded construction; in addition the
PbSe detector elements in these sensors are fully passivated
with a protective overcoat. This passivation technique, devel-
oped by OPTOELECTRONICS, Inc., eliminates instabilities
generally associated with PbSe detectors when they are sub-
jected to visible and /or ultraviolet radiation.

Particularly suitable for use in high volume, low cost sys-
tems operating in the 1um to Sum spectral region, OTC-12
series detectors provide peak sensitivity. comparable to liquid
nitrogen cooled (77° K) PbSe, and performance and reliability
far exceeding that of any other previously available photo-
detector of comparable size and cost.

Various standard heat sinks (optional), including a TO-37
mounting base, are available for use with these detectors.

OTC-12-5

SERIES TWO STAGE
THERMOELECTRICALLY COOLED
LEAD SELENIDE DETECTORS
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Fig. 4. Example of a commercial thermoelectrically cooled PbSe IR
detector. Reprinted with permission from the 1983 Catalog
of Optoelectronics Inc., Petaluma, California.
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B. Single-Aperture Optical Systems

The conventional approach to seeker design requires that we divide the
overall FOV into resolution elements, or pixels, so that the far-field target
fills one pixel. A 20- by 20-cm target on a 33- X 33-m background thus requires
a focal plane array (FPA) of 165 X 165 elements (total 27,275). Arrays of this
size have been fabricated for research programs, but the percentage of faulty
detectors and nonuniformity in gain between detectors are still major problems.
Mechanically scanned systems can eliminate the nonuniformity problem with in-
creased system complexity, but are too large and expensive for this application.

Another drawback to these systems is the need for extensive signal process-
ing. To process 100 frames/s, 2.7 X 106 samples/s must be read and digitized
(assuming full FOV processing). The digitized data must then be processed to
adjust for variations in detector gain, subtract background, and locate target
centroids. This requires between 3N and N2 computer operations. Disregarding

the A/D conversion process, the total load before tracking algorithms are

applied is at least 107 floating point operations/s (FLOPS). The processor thus
requires instruction times of 100 ns and cycle times of <10 ns. Such processors
exist and may ultimately be available at low cost; however, the complexity of
the FPA system and its present high costs make its use for this application
beyond the state of the art. Fortunately, there is an alternate approach.

C. Multiaperture Optical Systems

A seeker system, based on the operating principles of the insect eye, has
been demonstrated by the University of Florida under contract to the Air
Force. 1 Multiple 1-mm-diam lenses and arrays were used in a nonimaging tech-
nique to provide resolution, signal-to-noise, and processing speed improvements
over much larger FPA systems. Pixels are much larger than the desired reso-
lution element but, as shown in Fig. 9, fewer pixels are needed for the same
resolution. Resolution is not constant over the FOV, but is much higher than
the pixel size would normally allow. Since the FOV of each lens overlaps that
of the other lenses, the detectors behind each lens have FOVs which overlap that
of other detectors. With this scheme, no gaps are created in the FOV by
detector interspacing. Kellogg32 has shown that if all resolved pixels are the
same size and have the same degree of overlap, resolution improves by the square
root of the number of apertures. The detected target signature, shown in
Fig. 10, is a vector whose elements are the individual detector responses for

the particular detected target.
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The response vector is a list of the output voltage from each detector

for a particular visual scene.

Just as an insect cannot image and comprehend the world around it, the

multiaperture system cannot image the target and identify it. By prerecording
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the detector response vector for each of a series of potential targets distri-
buted over the FOV, we build a catalog of response vectors for the target space.
This catalog already includes irregularities in the detectors, and eliminates
the need to provide compensation when the target is acquired. Two methods of
processing the catalog have been demonstrated. First, if the SNR of an actual
target is large enough, the position of the target in the FOV can be found by
comparing the target's response vector with the catalog of stored vectors. With
interpolation, positional resolution of 0.5 mrad in a 60° FOV with only 49
detectors has been demonstrated.33 Target rotational orientation was also
easily discerned. Secondly, if the SNR is not sufficient, a more complicated
but more sensitive method may be used. The catalog of response vectors forms a
matrix, as shown in Fig. 1lla, consisting of N potential-target-position vectors
from M detectors, which can be inverted using nonsquare semisparse techniques.34
The resultant inverse matrix, called A-l, is a list of coefficients for a least-
squares average of the detector responses for the potential target positions.
When the response vector of an unknown target location is multipled by the in-
verse matrix, the resultant vector consists of a probability distribution for
the target being at ome of the prelearned potential target positions, as shown
in Fig. 11b.

Target positions between, or even outside, the prelearned positions can
be found accurately by interpolation. Since the target response vector and the
A_1 matrix are multiplied row by row, the rows may be processed in parallel for
increased speed if needed.

Using this technique with a 7-lens, 49-detector, 58° FOV system,
Schrock35 demonstrated target acquisition at SNR = 0.05 and tracking at
SNR = 0.2.

The potential-target-position teaching and matrix inversion process is
performed during seeker manufacture and stored in the VLSI circuit read-only
memory (ROM). A 49-detector, 20-prelearned-location system, operating at 300 Hz

requires only 6 X 105 FLOPS without any parallel processing. This may be com-

pared to the >1O7 FLOPS required by a focal plane array with equivalent homing
capability. This technique is also relatively insensitive to failures or damage
to individual components in either the optical, detector, or processor sub-

systems. In addition, the teaching process can provide multicolor operation,
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automatic steering gain change and center weighting if desired. With storage
requirements of ~1.6k bit, this system should easily fit on a single VLSI
circuit chip. Current technology permits 256k bits on a 1-cm2 chip.22

This argument is not meant to imply that multiaperture systems are with-
out disadvantage. Teaching a system too many locations rapidly increases the
in-flight processing requirements and tends to reduce resolution. Thus, TV-type
pictures are not practical. TFor similar reasons, a large density of targets in
the FOV may give overlapping response vectors which cannot be discriminated.
Overlapping FOV techniques were not discovered until 1979 and further studies on
the effects of overlap, detector spacing, lens spacing, and matrix inversion are
needed prior to packaging the design onto a single chip. However, Laboratory
systems have already demonstrated resolution, FOV and SNR capabilities which
exceed our basic requirements.

A possible configuration for the antipersonnel missile seeker system is
shown in Fig. 12. Six or seven 6.7-mm-diam lenses will fit within the 2 cm diam
allowed for this example. Each lens can have seven 2-mm-diam detectors. Indi-
vidual preamplifiers and A/D converters for each detector, and parallel process-
ing for the target location determination are used because space and cost are
not prohibitive.

D. Target Acquisition Range

We are now able to define a target acquisition system and determine
acquisition range. If the flux radiated by a target in the detectable wave-
length band is Pt (W/m2), then at a range R, the power from the target received
at the detector, Pd(W), will be given by

P A A

p = ttl , (2)

d 4nR2

where At is the area of the radiating target and A1 is the collecting area of
the lens. I have assumed that R2 >> At’ For a SNR = 1, Pd
equivalent power (NEP) at the detector as given by Eq. (1) (pg. 13). The solid
angle FOV (Q), in Eq. (1) is the area of the desired FOV (nrz), divided by the

range squared, or Q = nrz/Rz.

equals the noise
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Equations (1) and (2) yield an expression for the acquisition range where

R = Fele D7 A (3)
4fr n ’

where Pt = flux radiated by the target less the background flux in the wave-
length band of interest,
At = radiating area of the target,
¢ = effective collecting lens diameter,

",
e

= detector defectivity for the wavelength band, background temperature,
detector temperature, and frame time used,

f = ratio of the focal length to diameter of the collecting lens,

r = radius of the desired FOV,

N = number of detector elements which share the collected background

power, and

t = integration or frame time (the inverse of flicker frequency).

The multiaperture optical system described above, has six 6.7-mm-diam
lenses, each with seven detectors. The total collecting power of the six lenses
is equal to a single lens with a diameter of 1.63 cm. However, the noise at
each detector comes from its individual lens. The six lenses act together to
make SNR <1 possible. For the purpose here, I will treat only one lens element
and still, conservatively, assume that SNR = 1; therefore, ¢ = 0.67 cm. The
number of detectors is seven (N = 7). The f number of the lens should be as
small as practical and, since lenses are available, f = 0.8 is a reasonable
value for this example. To stay conservative, I will take the target area to be
only the human facial area or ~20 cm square (At = 400 cm2). As mentioned
previously, detectivity D% = 1010 cm Hzl/2 W_1
D* = 5 X 109 cm H21/2 W_1 for the 8- to 12-pym band. The radius of the FOV is

3

determined by the design criteria as 16 m, so r = 1.6 X 10° cm. The integration

-for the 3- to 5-pym band and

time will be a compromise between the desired response time for the missile, the
maximum detectivity, and the maximum acquisition range. A flicker frequency of
300 Hz is needed for maximum D* and this is more than adequate for missile
response. At a speed of 100 m/s, this is an update on target position three

times per meter of travel. Thus, t = 1/300 Hz = 3.3 X 10_3 s.
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The acquisition range, R, can now be calculated using Eq. (3) and the

parameters ¢ = 0.67 cm; N = 7; t = 3.3 3 X 102 s; £ = 0.8; A, = 400 cn’;

r=1.6 X 103 cm. This is tabulated in Table II. Thus the acquisition distance
will be at least 38 m in the 3- to 5-pm band and 260 m in the 8- to 12-um band.
A D* of 1 X 109 is possible in the 8- to 12-um band at higher detector tempera-
tures, which is advantageous, and still gives an acquisition distance of 51 m.
The higher detector temperature is a wise choice and, for the purposes of the
remaining missile design, I have assumed that the acquisition distance is 50 m.
Thus, either the 3- to 5-um or the 8- to 12-ym band, or a combination of both
for two color detection can be used with a similar estimate for the acquisition
distance.

The 32-m-diam FOV at 50 m is an included angle of ~36°. This FOV must be
imaged onto the seven detectors in a compact and simple way. I have used a lens
with £ = 0.8 (N.A. = 0.65) in the above calculations because such lenses are
easily available and the design of a custom lens is too difficult to attempt for
this example. However, since high resolution is not needed and long wavelengths
are being used, simple cast or pressed lenses without polishing or optical
finishing can be used. Some antireflection coating and/or waveband filter

coating may be desirable.

TABLE II

TARGET AQUISITION RANGE FOR STATE-OF-THE-ART DETECTORS

a
IR D-,'\’ Pt
Band 1/2 . -1 2 R
(pm) (cm Hz W ) (W/cm™) (cm)
3 to 5 1010 6 x 107° 3.8 x 103
8 to 12 5 x 10° 8 x 1074 2.6 x 10%
8 to 12 100 8 x 1074 5.1 x 103

23ee Table I, p. 10.
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V. GUIDANCE AND FLIGHT CONTROL

A. Piezoelectric Bimorphs

Piezoelectric bimorphs for aerodynamic steering control assure the low
cost, size, and complexity of this missile. Piezoelectric bimorphs are made by
laminating two or more sheets of piezoelectric film in which the polarities are
normal to the film plane and opposite to each other. An applied voltage will
contract one set of films and expand the other to produce a bending movement as
shown in Fig. 13. These devices were first proposed for fams to cool electronic
equipment3’4 and, although bimorphs are not yet in production (October 1983),
the metallized film is available and custom devices can be obtained
commercially.36

The amount of force and deflection of a bimorph stack depends on the
number of layer pairs (N), the thickness of each film (t), the applied voltage
(V), the width (w), the length (2) of the bimorph, the piezoelectric coupling
coefficient (d31), and the Young's modules (Y). The maximum voltage is deter-
mined by the product of the dielectric strength (g€) and the film thickness. The
maximum force at no displacement (Fmax) is given by

i 3%ud, N't’e

Fmax - 2 2 (4)

and the maximum displacement for no force (Dmax) is given by

2
_ 38d312

Dmax T 4Nt : (5)

As can be seen from Egqs. (4) and (5), the parameters open to design (w, £, N,
and t) are inversely related to force and displacement so that it is difficult
to maximize both. We wish to maximize the force with sufficient displacement to
apply that force aerodynamically. This compromise depends on the turning radius
and speed of the missile, the aerodynamic balance between wing and aileron, the
wing area, the attack angle, and the moment of inertia of the missile. These
will be considered in the next section. As an example, for PVDF (polyvinylidene
fluoride) bimorphs with physical properties listed in Table III, a deflection of
3% is possible with 1.3 X 104 dyn force (1l4-g mass equivalent).
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Fig. 13. A sandwiched. pair of metallized PVDF sheets,
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is applied.

TABLE II1I

PVDF MULTIMORPH

31 * 2.1 X 10_9 cm/V Piezoelectric coupling coefficient

=2.2X 1010 dyn/cm2 Young's modulus
= 30 V/pm Dielectric strength

w =4 cm Total width of steering fins
=2 cm Length of steering fin
= 20 Number of layer pairs
=9 um Thickness of one layer
=360V Applied voltage

max 0.105 cm Maximum displacement at no force

max 3° Maximum displacement angle at no force
=1.3 X 104 dyn Maximum force at no displacement (13.7 g)

max



The above calculations are for bimorphs acting as cantilever beams.
Mounting the bimorph with one end fixed and a pivot point or bearing at an
intermediate position can increase the total deflection.6 In addition, the
force [Eq. (4)] increases as N2 while the deflection decreases as 1/N. This is
because the layers are all bonded together. If we could make a multilayer from
a number of individual single-pair bimorphs, the force would increase as N and
the deflection would be independent of N. This might be accomplished by lubri-
cating the pairs with a liquid which has low viscosity and high surface tension.
The low viscosity would permit slip between the layers during bending, but the
high surface tension would hold the layers together. Such a combination of 10
layers of t = 50 pm material could give a maximum force of 104 dyn (11 g) with a
maximum deflection of 11°. There is also a possibility that the effective
Young's modules could be increased by addition of a heterogeneous phase, such as
fibers to the polymer.

B. Guidance

There are three proposed scenarios for the missile flight between launch
and target acquisition. If dropped from an aircraft or airborne platform, it
could follow a preprogrammed descent which optimizes its ability to search for a
target (such as a fairly slow maple-seed-type descent followed by a rocket-
driven attack on target acquisition). If fired from a ground-based launcher, it
could follow a ballistic trajectory with target acquisition turned on after a
preset part of the flight (such as lobbing the missile over a hill to unseen
targets) or it could be required to fly in a straight path along the line of aim
until a target is acquired (this could be uphill, downhill, or a level flight).
In the latter case, an active flight control must maintain the proper orienta-
tion of the missile to counteract gravity. In larger missiles, gyroscopes are
typically used for this purpose and, although some nongyroscopic techniques have
been proposed,37 such systems are still too large and expensive for our needs.
There are, fortunately, two new developments that offer solutions to this
problem. In 1851, Foucault observed that the plane of vibration of a vibrating
drill rod in a lathe chuck remained fixed as the chuck was slowly rotated.8
This discovery has spawned a number of different types of "linear" gyroscopes
whose angular inertia is generated by a vibrating member.g_16 One of the
successful designs has employed a cylinder vibrating in a cylindrical/elliptical
mode normal to its axis.16 A gyroscope capable of 0.01°/s accuracy for rotation

rates of * 60°/s has been made with an overall case size of 1.7 cm diam by
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2.4 cm long. This gyroscope is ~20 times more sensitive than needed for our
purpose (*2° roll for a 10-s flight time is considered sufficient) and is only a
few times too large to be acceptable. Another type of linear gyroscope, called
a Tuning Fork Gyro,9 based on Foucault's idea, is similar in method of operation

to the halters found on the Diptera flylo’11

(an order of flies containing the
housefly and horsefly). The halters are two hair-like projections on the fly's
thorax which vibrate during flight and provide, via sensitive organs at the
base, a correction which enables the fly to maintain a straight course. If the
halters are removed, the fly cannot maintain a proper flight atitude and crashes
soon after takeoff. I believe that it is possible to duplicate halters in size
and sensitivity using silicon carbide, single-crystal fibers grown by the vapor-
liquid-solid (VLS) process.38 Very high stiffness (108 PSI), high strength
(107 PSI) fibers with spheres of magnetic iron alloy at one end have been grown
with aspect ratios exceeding 103 by this process. Typically fibers are 3 to
10 pm in diameter by a few millimeters long. Such fibers are capable of large
deflection at high frequency, thus providing large angular momentum, and may be
driven at resonance by piezoelectric coupling at the base and measured via
magnetic forces on the iron sphere. Such a gyroscope has not yet been built,
but should occupy only a few mm3 and would contain no moving parts other than
the vibrating fiber.

One other relevant new technology that may be useful to the guidance

17,18 Millimeter-size

system is that of micromechanical silicon devices.
accelerometers have been made by photolithographic techniques on single-crystal
silicon wafers and have shown a sensitivity of 2-mV output/g of acceleration.17
Deviations from a straight flight path of less than 4 m in 500-m range (~0.5°)
would require 50 MV sensitivity and 3 parts per thousand resolution in the
proposed missile. A single linear gyroscope controlling roll coupled with two
linear accelerometers could maintain a straight flight in any direction. The
gyroscope and accelerometers must be initialized to the desired direction just
prior to launch.

The linear gyroscope and accelerometers must provide stabilization for
straight line flight until a target is acquired by the IR detector. Then, the
IR system generates a steering signal which must be converted to about 300-V
bias and applied to the bimorph steering fins. These functions require a micro-
processor capable of digitizing the signal from 42 detectors, multiplying by the

inverted potential-target-position matrix stored in memory, and generating the
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proper steering signal. The processor must also take input from the gyroscope
stabilizer during straight flight and give output to the firing circuit when the
target is reached. If optional range selection or flight path selection is
added, they must also be controlled by the processor. The functions must be
performed at a response rate of about 300 Hz.

These requirements are well within the capabilities of present integrated
circuitry. This country has large government and commerical R&D programs in
VLSI circuitry and in very high speed integrated circuitry design and fabri-
cation. These technologies are relevant to this missile in that it is highly
desirable to make the sensors and electronics package as small, cheap, and
simple as possible. One obvious way to do this is to put all the electronics on
a single chip, preferably even including the IR detectors with their thin-film
thermoelectric coolers. Current commercial technology has put 256 K of RAM on a
single chip less than 1 cm2 in area.22 This density exceeds what is needed for
this missile. In addition, current technology allows speeds of more than 106
FLOPS, which is easily capable of performing the necessary control calculations

at our preferred operating frequency of 300 Hz.

VI. MISSILE AERODYNAMICS

The aerodynamic design of a missile is a complex balance between a large
number of variables and cannot be attempted in a study of this scope. Most
large aerospace firms have computer codes for this purpose. I will only try to
show that the desired flight properties are physically possible and, in a crude
sense, fit into the proposed configuration. We have, in the preceding sections,
identified a number of desired performance parameters. I have proposed a
missile with a 2-cm-diam body that is 10 cm long; the wings and steering fins
extend 2 cm farther from the body on each side; and its weight is <100 g. The
desired performance parameters are that with a speed of ~100 m/s it can acquire
a target at a range of 50 m, which is within 16 m of its line of flight. The
flight will be guided with piezoelectric bimorphs that have limited force and
deflection capability. I will need to estimate the moment of inertia (which
depends on the partition of mass along the length of the missile and should be
made as small as possible) and the aerodynamic balance of the wings, body, and
ailerons (which determines the percentage of total lift carried by the steering

fins).
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To estimate moment of inertia I have assumed a 46-g warhead, a 20-g lens
and electronics package, a 12-g rocket motor, and a 10-g case and battery--for a
total missile mass of 88 g. With a reasonable distribution of these masses
along the length, the moment of inertia is 450 g cm2. This could probably be
made smaller by optimizing the design. I also assume for the present discussion
that the missile is designed so that the wing and the leading, nonmoving edge of
the steering fin assembly achieve aerodynamic balance. That is, any force
applied by the bimorph is used to rotate the missile about its center of mass
and change its aerodynamic attack angle.

Thus, the torque (L) exerted by the steering fin is given by

m ’ (6)

where ;m is the vector from the fin to the center of mass, F is the aerodynamic
force on the fin, I is the moment of inertia, and o is the angular acceleration
caused by the force F.

Using the bimorph example given in Table III, where the force is 1.3 X 104

dyn, the displacement is 3°, r = 6 cm, and

TP _ (6 cm)(1.3 x 10% dy)
=¥

450 g cm2

o = = 173 rad/s2

The angle of rotation 6 = % « t2; this is tabulated in Table IV.

TABLE IV

ATTACK ANGLE VS TIME FOR A STEERING FORCE OF 1.3 X 104 dyn

Time Change in
From Deflection Attack Angle
(s) (degrees)
1073 5 x 1073
3 x 1073 4.5 x 1072
1072 0.5
2 x 1072 2
5 x 1072 12.4
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For a steering fin force of 1.3 X 10" dyn, a 12° attack angle is achieved
in 0.05 s. This is only 10% of the flight time for the missile over the 50 m
travel distance to the target.

We can now ask what attack angle is needed to cause the missile to
execute an 86-m-radius turn. With a missile mass of 88 g, the centripetal force
(mv2/R) for an 86-m radius turn at a velocity (v) of 100 m/s is 106 dyn. This
is nearly 12 times the acceleration of gravity. The aerodynamic force on a wing

. . 39
is given by

F=jC ov’s (7

when CL is the aerodynamic constant for the wing (for a narrow wing, CL = 0.105
6 where 6 is the attack angle in degrees), p is the air density, and S the wing
area. Then for a narrow wing,

F = 0.525 X 1072 pvso . (8)

With wings 2 cm wide by 3 cm long and a body 2 cm wide by 10 cm long, which has
an aerodynamic lift efficiency of 30% of that of the wing, S = 18 cm2. The air
density at sea level is about 1.2 X 10_3 g/cm3, and v is 100 m/s. From Eq. (8)
and a force of 106 dyn, the required attack angle is about 9°. This attack
angle can be achieved, according to Table IV, in <0.05 s.

Provided that the missile can be designed with 99% neutral flight charac-
teristics, the force of 104 dyn exerted by the bimorph steering fins is suf-
ficient to cause a 12-g, 86-m-radius turn. For less neutral designs, the wing
loading must be reduced to allow the fins a greater share of the load. Since
both the centripetal force needed to make a fixed radius turn and the aero-
dynamic 1lift on a wing are proportional to v2, reducing missile velocity will
reduce requirements for neutral flight characteristics. The minimum velocity
requirements are that (1) the target must not be allowed to see the missile
coming in time to effect an escape and (2) gravity must be counteracted.

It remains to be shown that the deflection available with a bimorph is
sufficient to generate 104 dyn aerodynamically. We can solve Eq. (8) for the
attack angle at a force of 104 dyn. With a 2-cm-wide by 2-cm-long bimorph on
each of two steering fins, S = 8 cm2, and at v = 100 m/s, 6 = 0.2°. Since the

available bimorph force is 1.3 X 104 dyn at 0° and zero at 3° (Table III), the
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force at 0.2° will be 1.2 X 104 dyn if the response is linear. Thus, the avail-
able deflection is sufficient to apply the needed force. However, as the
missile attack angle increases to the 9° needed to execute a 12-g, 86-m-radius
turn, the steering fins must correct their attack angle to continue to apply the
turning force. The amount and direction of the correction depend on the aero-
dynamic design of the missile, particularly on the relationship between the
center of mass and the center of pressure (what I have called neutrality). It
may turn out in the optimum design that more than 3° deflection is required and
other bimorph designs (such as the lubricated multipair bimorphs described

above) are desirable.

VII. PROPULSION

If the missile is airdropped as a terminally guided submunition (TGSM),
then propulsion is probably unnecessary. If it is launched from either a gun or
recoilless launcher, a propulsion system is needed to accelerate the missile (if
recoilless) and to maintain the desired velocity for the useful range. I have
suggested that a rocket motor similar to those sold in hobby shops for $0.50
cents each would be adequate. At 100 m/s speed, 10 s of burn will allow a 1-km
range. I will show in this section that the amount of fuel needed for this
application is reasonable.

The aerodynamic drag on a body is given by Eq. (7) if C, is replaced by

L
CD (the drag coefficient) and S is the the cross-sectional area. The drag
coefficient for a wing is typically 15% of the lift.39 In straight-line flight

the lift will equal the weight of the missile (~1O5 dyn), so the wing drag will

be ~1.5 X 104 dyn. The drag on the body can be estimated as flat plate drag,

for which CD = 1, and S is the missile cross-sectional area. Then from Eq. (7)
(where p = 1.2 x 107> g/em, v = 10* cm/s, and § = 3.14 cn2), F = 1.9 X 10° dyn
and the total missile drag can be estimated as 2 X 105 dyn.

The thrust from a rocket is given by F = Vg dm/dt, where v, is the

exhaust velocity, typically 2 X 105

cm/s and dm/dt, the rate of burn of the
fuel. If we require the thrust to equal the drag force, then dm/dt = 1 g/s and
10 g of rocket fuel is needed for a 10-s flight time. If we also wish to ac-
celerate the 100-g rocket to 104 cm/s (conservation of momentum will determine
the amount of rocket fuel needed), an additional 5 g of fuel will be required.

Thus, the total rocket fuel requirement is 10 to 15 g for a 100-g missile.
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Hobby rockets use a cardboard case with a small ceramic nozzle. Such a case and

nozzle would weigh ~2 g. I have, therefore, estimated the weight of the rocket
to be ~12 g for the gun-launched version.

The recoil from a 100-g projectile launched at 100 m/s has a momentum of
106 g cm/s. By comparison, the 7.62-mm NATO rifle firing a 150-grain (10-g)
bullet at 2700 ft/s (823 m/s) has a momentum of 8 X 105 g cm/s. In addition,
because the low-velocity rocket has a longer acceleration time, the recoil will
be "softer" than that of the 7.62 NATO.

VIII. WARHEAD DESIGN

The envisioned warhead for this missile is a rather unimaginative design
composed of a cylindrical shell of tungsten spheres embedded in plastic sur-
rounding a core of high explosive. It could be detonated with a small, elec-
trically driven detonator located along the cylinder axis or at one end. In
apportioning space in this 2-cm-diam missile, I have allocated 3 cm length and
12 g for the rocket motor, 3 cm length and 48 g for the warhead, and 4 cm length
and 30 g for the lenses, detectors, electronics guidance, and power supply. The
remaining mass is the case and wings. Thus, the warhead can occupy a 2-cm-diam
by 3-cm-long volume and have a mass of 48 g. A 2-cm-diam by 3-cm-long
cylindrical shell of 2-mm-diam tungsten spheres, arranged in rows, would contain
450 spheres with a total mass of 36.4 g. An epoxy filler for this shell would
add ~2 g. Filling the 1.6-cm-diam by 3-cm-long void with explosive at a density
of 1.5 g/cm3 adds 9 g, for a total warhead mass of 47.4 g. A similar warhead
using lead spheres would be cheaper and could contain >750 spheres. The larger
number of pellets may more than offset the hardware and density advantage of
tungsten.

While I have assumed that the missile will actually hit the person under
attack, it is desirable that the warhead have a kill radius as large as possible
within size and weight limitations. This would allow for multiple kills of
closely spaced targets and assure a kill if the missile homes in on a rifle or
other nearby warm objects. A shotgun that can put 70% of a 1l-oz shot load into
a 30-in. (76-cm) circle at 40 yds (37 m) is considered effective at 40 yds.
Depending on shot size, this is ~220 pellets/m2 (No. 4 shot). If we assume the
same pellet density is needed (about nine pellets in our 20- by 20-cm target),

then the range of the warhead is 0.4 m. While this is probably sufficient for

36



"arms-length" kills and would be lethal for the target struck, greater warhead
range would certainly be desirable. The use of lead pellets would help increase

this range.

IX. POWER SUPPLY

Although the depth of this design does not allow detailed electrical
power specifications, the requirements outlined in Table V estimate the power
needed.

The battery chosen to supply this 65 W-s energy at 5.8 W must have a long
shelf life, be light and compact, and have a high-energy density. Batteries
with sufficiently low internal resistance are not commonly available but several

technologies have potential for this application. Currently available lithium

3

sulfur-dioxide batteries have energy storage densities of 1.9 X 10 W-s/cm3 and

of 1.2 x 10> W-s/g.2>

These batteries have an excellent shelf life and can be
made with sufficient short-term current capability; they are not rechargable.
Miniature fuel cells have also been developed for high-power applications. The
65 W-s needed is equivalent to the chemical energy available in 15 mg of fuel.
The fuel cell would be activated as part of the prelaunch initiation (expected
to require 1 to 4 s). Polyacetylene batteries also promise high-current, high-
energy density storage, and are rechargable, long-life devices. This emerging

TABLE V

ESTIMATED ELECTRICAL POWER REQUIREMENTS

Voltage Time Energy

Item V) Current (s) Power (W-s)
Bimorphs +300 0.2 mA 10 60 mW 0.6
Detectors +100 HA 10 Negligible Negligible
Computer 6 0.1 A 10 600 mW 6
Thermoelectric

Cooler 2 2 A 14 4 W 56
Gyroscope 2 50 mA 12 100 mW 1.2
Detonator 2 0.5 A 1 1 W 1
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technology, while not yet available commercially, has been suggested as a
replacement for lead-acid automobile batteries. The polymer is readily moldable
and could be used as the missile case. Estimates of current capability and
internal resistance are, however, premature. The major portion of the power
requirement listed in Table V is the thermoelectric cooler. It is possible that
sufficient cooling could be supplied by the launcher power supply, so that in-
flight cooling would not be necessary. Similarly, if a cooled detector is not

needed, the power requirements are drastically reduced.

X. UNCERTAINTIES IN DESIGN AND FEASIBILITY

It will be apparent to the reader that there are a number of uncertainties
in the proposed design that must be studied more carefully before a prototype
missile can be fabricated. Probably the most important is the problem of the IR
detection of human targets under realistic conditions. Questions that must be
answered are: What is the effect of average background temperature and sunshine
on the background clutter problem? Can multiaperture optical systems dis-
criminate target temperature (color) and/or shape to help reject decoys and
false targets? What is the envelope of conditions for which the seeker will
work--and is this sufficient to make the idea worthwhile? These are not
questions that can be answered by the "gut feeling" of even the most experienced
IR detector specialist.

Other questions relate to operational parameters such as: What type of
fuzing would be best? Should there be a "minimum range" adjustment? How much
"last-minute" information should be entered by the launcher? What speed and
range are necessary?

Then there are the innumerable design optimization questions such as:
How much force and deflection can be obtained ffom a piezolectric steering fin
and what is the best balance between these? How many lenses and detectors are
needed? What is the optimum design for the minigyroscope and how much stability
can it deliver? How will the detectors and VLSI circuitry be put together? And
what should the aerodynamic package look like--canards or ailerons, positive or

negative balance, and banked turns or cruciform wings?
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There are also all the questions concerned with launch options and attack
mode. Should the air-drop version be fast descent or a slow spiral? What use-
fulness is there in a slow-flying model airplane version? Should the flight be
ballistic, straight flight, or programmed? And, should the launch be
recoilless?

Finally, using this concept, what other homing sensors might be used?

Could a sonar homer be developed to sense moving objects or hard metal objects?

XT. BELLS, WHISTLES, AND COST CONTROL

In the previous section a number of questions were raised--probably more
than were answered. Such questions can fire the imagination and are fun to
consider. However, we must always keep in mind that cost effectiveness is the
most important design parameter for this missile. It must not become an end-
all, do-everything infantry weapon or it will be destroyed in the process. The
most simple workable design should remain the goal, and bells and whistles
should be staunchly avoided. Many weapons use several types of ammunition, and
it is not a large penalty to make a few different missiles for different needs.

It is beyond the scope of this study to estimate the cost for this

missile. Most parts will be made using new, state-of-the-art, and emerging
technologies, production will require extensive development and design, and mass
production of millions of units will be desired. The factory making these mis-
siles will have to use state-of-the-art and robotic- and computer-aided manu-
facture. However, some of the parts are currently available. A few suggestions
for cost control follow.

* Rocket Motors--these are available in any hobby shop. Current motors
burn too fast with too much thrust for our needs, but that can easily
be changed. Current retail price is ~$0.50.

* Bimorphs--PVDF sheet film with electrodes is available and needs only a
reason for commercial production of layered bimorphs.

* The case and wings can be a one-piece injection molding of polystyrene
or polyactylene battery material.

+ The gyroscope stabilizer must be miniaturized to fit in this missile,
which implies automated assembly. A linear gyroscope will not be com-

plex or involve sophisticated parts.
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+ Detectors on a wafer substrate can be applied using thin film tech-
nology. Present problems with IR detectors are avoided with multi-
aperture systems, since if 80% of the detectors work the chip is ac-
ceptable. Also, it does not matter whether the individual detector
gains match. Thermoelectric coolers can be made with the same thin
film technology. IR transmitting, chalcogenide glass lenses can be
molded or pressed and do not need any finishing at these wavelengths.
Some optical coating may be desirable. This technology is making
enormous progress and 5 years will see a large reduction in the dif-
ficulty of manufacture.

- Assembly of the components will be easy if the components are built as
individual packages which stack together in the case. Testing and pro-
gramming can be an automated, computer-controlled process.

It is always risky to make an analysis like this because it is much
easier to shoot down a new suggestion than it is to come up with a better one.
In addition, disbelievers will try to make the whole concept hinge on a single
exception to an estimated or preliminary number; in the end, an over-zealous
designer may try to make the whole idea into a "silver bullet" cum '"white
elephant." Nevertheless, the technology is there, the potential for cost

effectiveness is there, and the operational usefulness is there.
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