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SYSTEM AND METHOD FOR ONBOARD 
DETECTION OF BALLISTIC THREATS TO 

AIRCRAFT 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention relates generally to airborne threat 
monitoring systems, and more speci?cally to systems 
employing bi-static continuous Wave radar to enable an 
aircraft to sense incoming ballistic threats and initiate 
responsive countermeasures. 

[0003] 2. Related Art 

[0004] The evolving face of global terrorism has crystal 
liZed the threat that inexpensive and readily available shoul 
der-?red missiles can be directed against civilian aircraft. 
The FBI estimates that since 1989, more than 50,000 shoul 
der-?red missiles, or MANPADS (man-portable air-defense 
systems), have been sold to third-World countries, and that 
from 1978-1998, 29 civilian planes have been shot doWn by 
shoulder-?red missiles. More recently, the War in Iraq has 
provided a proving ground for this tactic, Where terrorist 
militia have struck at least tWelve aircraft With shoulder 
?red missiles in a three-month time period from October 
2003 to January 2004. These targets have included assault 
helicopters such as the AH-64 Apache, UH-60 Black HaWk, 
and OH-58 Kiowa, and also passenger-capable aircraft such 
as the CH-47 Chinook helicopter, C-5 and C-17 transport 
planes, and the DHL cargo plane. 

[0005] Shoulder-?red Weapons such as the Soviet 
designed rocket-propelled grenade (RPG) and SA series 
surface-to-air missiles have been used effectively in many of 
these assaults. The Soviet RPG-7, a relatively inexpensive 
device, is the most Widely distributed shoulder-?red missile 
system in the World. It is a lightWeight, requires little 
training, and can propel an 85-mm Warhead to a range of 
about 300 m. The Soviet-made SA-7 surface-to-air missile 
can reach altitudes of up to 12,000 feet and can be launched 
more than tWo miles aWay from a target. The SA-7 incor 
porates a heat-detection targeting system, and carries a 1.6 
inch Warhead. The SA-7, or variants thereof, are manufac 
tured in Pakistan, North Korea, and Cuba, from Which sales 
of the Weapon have been traced to at least 17 terrorist 
organiZations and 56 countries. The Soviet-made SA-16, a 
more advanced surface-to-air missile, incorporates an infra 
red guidance system. It has a 72 mm Warhead, a range of 
about 5000 m, and a maximum altitude of about 3500 m. At 
least 34 countries are believed to be in possession of the 
SA-16. The RPG and SA series Weapons relatively light 
Weight, about ?ve to six feet long, and can be smuggled 
inside a large duffle bag. In the hands of terrorists, shoulder 
?red munitions such as these represent a serious security 
threat to civilian aircraft. 

[0006] While a number of sophisticated missile Warning 
and countermeasure systems are available for use on mili 
tary aircraft to detect and defend against such threats, a need 
exists for an effective solution in civilian applications. A 
number of approaches that address this problem have been 
explored, but none have been successfully developed for 
Widespread use. US. Pat. No. 5,600,434 to Warm et al., 
“Apparatus for Defending Against an Attacking Missile,” 
describes a system that applies a pulsed laser source, 
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directed by optical tracking, onto an incoming missile. The 
laser energy is emitted toWard the attacking missile in order 
to disturb the missile’s optronic detector function in hopes of 
causing the missile to lose track. US. Pat. No. 5,361,069 to 
Klimak et al., “Airborne Radar Warning Receiver,” 
describes an approach to rapidly indicate When an aircraft 
has entered a ground based track-While-scan radar sector and 
to indicate the angular position of the aircraft Within this 
sector. US. Pat. No. 6,369,885 to BroWn et al., “Closed-loop 
Infrared Countermeasure System Using High Frame Rate 
Infrared Receiver,” describes a system Which provides 
simultaneous tracking and identi?cation/classi?cation func 
tions With an infrared receiver having a focal plane array. 
The invention provides variable imaging rates to detect, jam 
and divert an incoming infrared missile. US. Pat. No. 
6,137,436 to Koch, entitled “Alarm Sensor, in Particular for 
a Target Tracking Apparatus,” describes a system Which 
radiates a pseudo-noise-modulated spread spectrum into 
displaced spatial sectors, and applies cross correlation of the 
received re?ected energy to provide a spherical monitoring 
effect to Warn against an attacking guided missile. US. Pat. 
No. 5,560,567 to Hallmark, “Passive Missile Tracking and 
Guidance System,” describes a scanning or staring infrared 
detection system in Which the target and missile are optically 
sensed and the measured displacement is utiliZed in con 
junction With calculated nominal trajectory data to generate 
guidance control signals. US. Pat. No. 5,424,744 to West 
phal for a “Sensor Arrangement for Sensing a Threat” 
describes a passive Warning system that exploits blocking 
effects as a threat intervenes in the line of sight betWeen one 
of a plurality of signal sources (speci?cally sources onboard 
a satellite) and a receiver. The approach can distinguish 
threat direction based on the signal source that is obscured. 

[0007] One major obstacle to development of any of the 
aforementioned missile Warning and countermeasure sys 
tems for non-military applications is the cost of upgrading. 
OWners and operators of civilian and small commercial 
aircraft enterprises are not able to afford the costs of such 
sophisticated protection systems. Compatibility problems 
must also be overcome, due to Wide variations in the design 
of civilian aircraft. In other cases, spatial considerations may 
discourage installation of a Warning and countermeasure 
system on an aircraft Where the availability of space for 
retro?t systems is already at a premium. Apractical solution 
to counter ballistic threats to civilian aircraft has yet to be 
fully developed. 

SUMMARY 

[0008] The present invention addresses such a solution by 
providing civilian and military aircraft With a loW-cost 
means to rapidly determine an imminent threat from an 
incoming ballistic projectile (eg a shoulder launched mis 
sile). The invention applies a Wide area radio frequency (RF) 
illumination that is shared among a large number of 
defended aircraft. Each aircraft requires only a passive 
receiver and a signal processor that exploits narroW-band 
Doppler scattering effects to implement an onboard missile 
threat detection system. 

[0009] The invention comprises illuminating a broad vol 
ume of airspace With a controlled source of RF energy. In 
one embodiment, the RF energy is transmitted in the form of 
a continuous Wave (CW) radar signal. The source may be 
onboard a geostationary satellite, a lighter-than-air vehicle, 
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an aircraft, a loW or medium Earth orbiting satellite (LEO or 
MEO), or may be located on a stationary platform on ground 
or on a mountaintop. The system operates bistatically, With 
each receiver sited on a target aircraft remote from the 
transmitter. A?rst receiver channel on each receiver acquires 
a direct path illumination from the source and provides a 
reference signal. As an incoming ballistic projectile enters 
the illuminated region, RF energy from the source re?ected 
(or scattered) by the projectile is detected by a second 
receiver channel on each receiver. The on-board signal 
processor processes the reference and re?ected signals to 
isolate desired narroWband, projectile-induced Doppler sig 
nals from noise, from ambient scatter of other objects, and 
from background terrestrial RF sources. Characteristic sig 
natures in the differential Doppler time-frequency domain 
are exploited to determine the presence and trajectory of an 
incoming projectile. These signatures enable the processor 
to distinguish projectiles from Doppler pro?les of benign 
airborne scatterers, and from terrestrial RF sources such as 
radio and TV carriers. When the processor determines that 
a true threat exists, appropriate countermeasures, such as 
releasing chaff or thermal decoys, can be deployed to 
address the threat. 

[0010] One object of the present invention is to minimiZe 
the per-aircraft cost of implementing a countermeasure 
system for ballistic threats to aircraft. This is achieved 
through application of a bi-static collection geometry that 
separates the transmitting and receiving antennas. Thus, 
each aircraft requires only a passive, receive-only radar 
detection system, and each receive-only system responds to 
the same active RF transmitter that illuminates a broad ?eld 
of airspace shared among all aircraft in the ?eet. 

[0011] Another object of the invention is to exploit nar 
roW-band Doppler induced frequency shifts of projectile 
scattered RF energy to determine the presence of a ballistic 
threat. Another object of the invention is the application of 
unique algorithms for ef?cient determination of ballistic 
threats. 

[0012] Another object of the invention is to employ, in the 
passive on-board receiver, an independent receiving channel 
for receiving direct path illumination from the source. This 
provides a reference signal to establish Doppler offsets due 
to relative motion of the RF illuminator. Once determined, 
the offsets can be accounted for by doWnstream processing. 

[0013] Another object of the present invention is to apply 
moving-WindoW, time integration of a dynamic Doppler 
history to establish a sloWly varying spectral background. 
This alloWs for an accurate calculation of a moving average 
of background noise, Which, When subsequently removed, 
enables better detection of transient missile signatures. 
Another object of the invention is to apply source modula 
tion schemes to improve detection of desired scatter signals 
against the RF background of terrestrial sources. 

[0014] The present invention provides many advantages 
over existing projectile detection systems. One advantage is 
the ability to centrally control illumination parameters such 
as beamWidth, poWer level, frequency, modulation Wave 
form, polariZation, and source location. Another advantage 
is an ability to enhance performance characteristics such as 
operating range, probability of detection, and accuracy, over 
a Wide range of operational situations. Another advantage is 
a loWer per-aircraft system cost. Another advantage is an 
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ability to detect projectiles With loW radar cross section 
(RCS), such as non-metallic projectiles, by exploiting scatter 
mechanisms induced, for example, by shockWave air pres 
sure gradients. A further advantage is the ability to detect 
airborne threats through cloud cover. 

[0015] Other systems, methods, features and advantages 
of the invention Will be or Will become apparent to one With 
skill in the art upon examination of the folloWing ?gures and 
detailed description. It is intended that all such additional 
systems, methods, features and advantages be included 
Within this description, be Within the scope of the invention, 
and be protected by the accompanying claims. 

BRIEF DESCRIPTION OF THE FIGURES 

[0016] The invention can be better understood With refer 
ence to the folloWing ?gures. The components in the ?gures 
are not necessarily to scale, emphasis instead being placed 
upon illustrating the principles of the invention. 

[0017] FIG. 1a illustrates one embodiment of a system 
according to the invention for onboard detection of ballistic 
threats to aircraft. 

[0018] FIG. 1b shoWs one embodiment of a tWo-channel 
receiver/processor of the system of FIG. 1a. 

[0019] FIG. 2 illustrates a simpli?ed geometry for Dop 
pler modeling in an algorithm embodying a method accord 
ing to the invention. 

[0020] FIG. 3a is a graphical representation of a simulated 
Doppler time-frequency history of re?ected signals for pro 
jectile elevation angles approaching 45 degrees. 

[0021] FIG. 3b is a graphical representation of a simulated 
Doppler time-frequency history of re?ected signals for pro 
jectile elevation angles greater than 45 degrees. 

[0022] FIG. 4 is a block diagram of one embodiment of a 
system according to the invention for processing reference 
and re?ected RF signals. 

[0023] FIG. 5 illustrates a moving-WindoW average of 
spectral background density changing shape from time T1 to 
time Tn. 

[0024] FIG. 6 illustrates one embodiment of a method 
according to the invention for detecting ballistic threats to 
aircraft. 

[0025] FIG. 7 illustrates another embodiment of a method 
according to the invention for detecting ballistic threats to 
aircraft. 

DETAILED DESCRIPTION 

[0026] As utiliZed herein, terms such as “about” and 
“substantially” and “near” are intended to alloW some lee 
Way in mathematical exactness to account for tolerances that 
are acceptable in the trade. Any deviations upWard or 
doWnWard from the value modi?ed by the terms “about” or 
“substantially” or “near” in the range of 1% to 20% or less 
should be considered to be explicitly Within the scope of the 
stated value. Accordingly, tWo parts are “substantially simi 
lar” if a comparison betWeen the tWo yields at least 80% 
commonality in a selected characteristic. 

[0027] As used herein, the term “softWare” includes 
source code, assembly language code, binary code, ?rm 
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Ware, macro-instructions, micro-instructions, or the like, or 
any combination of tWo or more of the foregoing. 

[0028] The term “memory” refers to any processor-read 
able medium, including but not limited to RAM, ROM, 
EPROM, PROM, EEPROM, disk, ?oppy disk, hard disk, 
CD-ROM, DVD, or the like, or any combination of tWo or 
more of the foregoing, Which may store data accessible by 
a processor such as a series of softWare instructions execut 
able by a processor. 

[0029] The terms “processor” refers to any device capable 
of executing a series of instructions and includes, Without 
limitation, a CPU, a general- or special-purpose micropro 
cessor, a ?nite state machine, a controller, computer, digital 
signal processor (DSP), or the like. 

[0030] The term “logic” refers to implementations in 
hardWare, softWare, or combinations of hardWare and soft 
Ware. 

[0031] The term “projectile” as used herein is understood 
to describe, in a broad sense, all forms of missile ordnance, 
including ?ack, large-caliber (>30 caliber) arms ?re, shoul 
der-?red missiles, rocket propelled grenades, mortar rounds, 
surface-to-air missiles, cannon ?re, artillery ?re, anti-aircraft 
missiles, explosive Warheads, and the like. 

[0032] FIG. 1a illustrates, in a conceptual sense, one 
embodiment of a system 100 according to the invention for 
onboard detection of ballistic threats to target aircraft. At a 
basic level, system 100 comprises a transmission source, 
transmitter 102, for transmitting RF energy, and a receiver 
104 for detecting RF energy transmitted from transmitter 
102. Transmitter 102 and receiver 104 operate according to 
radar principles that are Well knoWn in the art as disclosed, 
for example, in Merill I. Skolnik, “Introduction to Radar 
Systems,” 2d Ed. 1980, and J. C. Toomay, “Radar Prin 
ciples,” 1982, both of Which are fully incorporated by 
reference herein as though set forth in full. In one embodi 
ment, one or more receivers 104 are mounted locally in a 
plurality of aircraft comprising a ?eet, Wherein each aircraft 
106(a), 106(b) . . . 106(n) (Where n signi?es an inde?nite 
number) in the ?eet houses at least one receiver 104, and 
Wherein each receiver 104 is con?gured With, or coupled to, 
a processor 108. This con?guration advantageously mini 
miZes the per aircraft cost of system 100 by enabling 
multiple aircraft to share a common transmitter 102. 

[0033] In operation, transmitter 102 transmits RF energy 
that illuminates a volume of airspace 110. Airspace 110 is 
shoWn in FIG. 1a as the space bordered at its sides by 
phantom lines 112 and at its bottom by a portion of the 
earth’s surface 114. Airspace 110 is the greatest volume in 
Which transmitted RF signal 116 may re?ect from a desired 
target With sufficient signal strength to be detected by a local 
receiver 104. Thus, airspace 110 Will vary according to many 
factors, such as the strength and frequency of RF signal 116, 
the design of the transmitting antenna of transmitter 102, 
meteorological conditions, etc. In one embodiment, trans 
mitter 102 illuminates airspace 110 With CW radar trans 
mitted at a controllable amplitude and frequency, in any 
manner knoWn in the art or described, for example, in 
Skolnik, pp. 68-98. Because transmitter 102 is common to 
all target aircraft in the ?eet, it advantageously provides 
centraliZed control over transmission variables such as 

beamWidth, poWer level, frequency, modulation Waveform, 
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polariZation, and source location. Transmitter 102 is advan 
tageously positioned to illuminate as broad an airspace 110 
as possible, and in this regard may be located onboard a 
geostationary satellite, a lighter-than-air vehicle, an aircraft, 
an LEO or MEO satellite, or transmitter 102 may be located 
on a stationary platform on ground or on a mountaintop. RF 
energy 116 transmitted from transmitter 102 thus illumi 
nates, and re?ects from, various objects located Within 
airspace 110. 

[0034] According to fundamental radar theory, a portion 
of the transmitted signal 116 may be intercepted by any such 
object, and reradiated (or re?ected, or scattered), from the 
object. Objects capable of re?ecting a detectable RF signal 
include airborne and terrestrial objects, such as aircraft 
106(b), earth surface 114, and ballistic projectile 118. RF 
energy re?ected or scattered from these objects creates 
signals 120, 122, and 124, Which illuminate airspace 110 as 
airborne or terrestrial scatter. Of particular interest in the 
present invention is a “re?ected signal” comprising a portion 
of RF energy transmitted by transmitter 102 that re?ects or 
scatters from a threatening ballistic projectile. The poWer 
density, S1, of an RF signal at the location of a re?ecting 
object 106(b), 114, or 118 is determined by the Well-knoWn 
radar range equation: 

(1) 

[0035] Where P represents transmitted poWer, GT is the 
gain of the transmission antenna, and R1 is the direct path 
distance from transmitter 102 to the re?ecting object 106(b), 
114, or 118. The poWer density, S2, of a re?ected RF signal 
at any location Within airspace 110, eg the location of 
receiver 104, is given by: 

_ S10’ 2 (2) 

[0036] Where (I is the radar cross section of the re?ecting 
object 106(b), 114, or 118, and R2 is the distance from the 
re?ecting object 106(b), 114, or 118 to receiver 104. 

[0037] In one embodiment of the present invention, 
receiver 104 is con?gured With tWo receiving channels, as 
shoWn in FIG. 1b. The ?rst of these channels 128(a) is 
con?gured to acquire a reference signal 116 from transmitter 
102, and the second of these channels 128(b) is con?gured 
to acquire one or more re?ected signals 124 from airborne 
threats such as ballistic projectile 118. In one aspect of the 
invention, reference signal 116 is acquired by direct path 
illumination from transmitter 102. In another aspect of the 
invention, processor 108 comprises ?ltration circuitry to 
discriminate betWeen signals indicative of a potential threat, 
and signals re?ected from a benign object. Benign sources 
of RF may comprise, for example, airborne scatter 120 from 
another aircraft 106(b), terrestrial scatter 122 from surface 
114, or interference 130 from a terrestrial transmission 
system 126. Thus, processor 108 may be con?gured With 
appropriate discriminating circuitry to extract reference sig 
nal 116 from ?rst receiving channel 128(a), and to extract 
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threat signal 124 from second receiving channel 128(b). In 
another aspect of the invention, the discriminating circuitry 
exploits the Doppler shift phenomenon. A signal, such as 
signal 124 received by receiver 104 after re?ecting from an 
object in motion relative to receiver 104, Will experience a 
Doppler shift in its frequency. The Doppler shift provides a 
useful discriminator to distinguish re?ections of high-veloc 
ity projectiles (such as shoulder-launched missiles) from 
other non-threatening loW-level scatter signals. That is, a 
signal 124 re?ected from a ballistic projectile 118 Will be 
con?ned to a narroW frequency band relative to the trans 
mission frequency of reference signal 116. Processor 108 
may then isolate a Doppler signal from signal 124 by 
?ltering out Wideband interference effects. Once the Doppler 
signal is isolated, processor 108 may then pass only those 
signals Within a desired Doppler bandWidth, and analyZe the 
passed signals to determine Whether a true threat exists. 

[0038] In one implementation, through the use of an 
analysis and algorithm approach, Which is described beloW 
in further detail, processor 108 determines Whether the 
Doppler signal matches the signature of a knoWn (or mod 
eled) ballistic threat, and if so, calculates the trajectory of 
projectile 118. If processor 108 determines that projectile 
118 is on a collision course With aircraft 106(a), a Warning 
signal is generated, and, responsive to the Warning, target 
106(a) can take one or more appropriate countermeasures 
knoWn in the art to neutraliZe the threat, such as the release 
of chaff or thermal decoys. In another implementation, 
processor 108 may simply detect the presence of a ballistic 
threat and, Without determining trajectory, generate a Warn 
ing signal. 
[0039] Analysis and Algorithm Approach 
[0040] The basic concept of the analysis and algorithm 
approach is to exploit phenomenology derivable from a 
high-velocity projectile as it attempts to close on its target. 
One advantage that ?oWs from this approach is that imple 
mentation of the exploitation algorithm alloWs for rapid 
execution using standard loW-cost computing hardWare that 
can be easily integrated into existing aircraft. In one embodi 
ment of the present invention, the phenomenology exploited 
comprises one or more characteristic signatures of the 
projectile. In another embodiment, the characteristic signa 
ture comprises Doppler signals. A particular feature of the 
algorithm that analyZes Doppler signals is that it continually 
averages the background spectra in order to remove unde 
sirable effects of terrestrial interference sources. Another 
feature of the algorithm is an ability to account for motion 
of the illuminating source relative to the target aircraft and 
projectile. 
[0041] Source Motion: In a general case, an illumination 
transmitter 102 may be moving relative to a target aircraft 
106(a) and a threat projectile 118. This is the case, for 
example, Where transmitter 102 is located on a LEO or MEO 
satellite platform. To account for this motion and its subse 
quent effect on the observed scatter Doppler spectrum, a 
direct path receive channel is incorporated in the receiver 
108 according to the invention. Measurement of the direct 
path Doppler at target aircraft 106(a) alloWs arbitrary 
motion of transmitter 102 to be monitored, and its effect on 
re?ected signal 124 to be factored into an appropriate 
algorithm in processor 108. This effectively alloWs the 
baseline of the observed Doppler scatter spectrum to be 
normaliZed. 
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[0042] System modeling: To characteriZe the expected 
Doppler scatter spectra observed onboard an aircraft for a 
representative scenario, consider a simpli?ed geometry as 
depicted in FIG. 2. In this example, the folloWing conditions 
are assumed: (1) the target aircraft 206, RF reference signal 
216, and projectile 218 lie in the same x-y coordinate plane, 
as shoWn; (2) RF illumination source (not shoWn) lies 
overhead at far range; (3) target aircraft 206 maintains level 
?ight at constant speed Va, and (4) projectile 218 maintains 
a ?xed velocity vector (VP, (pp) over the course of its ?ight. 
Typical parameters values are as folloWs: Vp=700 meters/ 
sec (Mach 2.2); ¢p=45°; Va=—200 meters/sec; and source 
frequency fs=200 MHZ. One skilled in the art Will recogniZe 
that a method according to the invention for detecting 
ballistic threats, and the development of corresponding 
algorithms, may be derived from other representative sce 
narios Wherein the assumed conditions and parametric val 
ues are other than those stated above. 

[0043] FIGS. 3a and 3b provide a simulated family of 
Doppler frequency-time histories (as detected at target air 
craft 206) based on the representative scenario depicted in 
FIG. 2. The Doppler histories are shoWn in tWo-degree 
increments as the projectile elevation angle (pp is varied from 
about 39 to about 45 degrees (FIG. 3a), and from about 45 
to about 51 degrees (FIG. 3b). For each plot, the same 
starting position of target aircraft 206 is assumed, namely, 
xH8 km and yo=2 km, With respect to the FIG. 2 origin (0,0) 
Which is de?ned as the starting position of projectile 218. 
For this particular geometry and set of assumptions, projec 
tile 218 only impacts the target When projectile elevation 
angle (pp is 45 degrees. The impact occurs at t=4 seconds. 

[0044] From these simulations, one can observe that as 
projectile 218 approaches target 206, the detected Doppler 
offset remains relatively constant and limited to a maximum, 
shoWn in FIGS. 3a and 3b as the horiZontal asymptote 
betWeen 800 HZ and 1000 HZ. The Doppler offset then drops 
rapidly as the closing range approaches its minimum, Which 
in this scenario occurs at t=4 seconds. As projectile 218 
reaches this range, the rate of change of Doppler frequency 
reaches a maximum. Non-impacting projectiles continuing 
beyond this range are limited to a maximum negative 
Doppler offset, shoWn as the horiZontal asymptote betWeen 
—200 HZ and —400 HZ. 

[0045] Considering the behavior of the Doppler pro?les 
introduced above, as Well as the expected interference and 
clutter environment, the folloWing processing approach 
extracts the desired Doppler scatter that is indicative of an 
incoming projectile. With reference to the block diagram of 
FIG. 4, a system 400 according to the invention noW 
described. Receiver 404, Which in this embodiment com 
prises a tWo-channel narroWband receiver, is con?gured 
With a ?rst antenna 428(a) coupled to a direct path receive 
channel, and a second antenna 428(b) coupled to a scatter 
path receive channel. From antenna 428(a), the direct path 
signal 416 is acquired from transmitter 402 and fed to 
receiver 404. Similarly, from antenna 428(b), the scatter path 
signal 420 is acquired from one or more re?ective objects, 
such as a projectile, and fed to receiver 404. Using tech 
niques Well knoWn in the art, for each of the tWo channels, 
receiver 404 ampli?es, ?lters and doWn-converts the raW RF 
into baseband signals of a speci?ed bandWidth that encom 
passes the Doppler bandWidth. The receiver center fre 
quency is determined by the selected operating frequency of 
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the transmitter. A number of single sideband (SSB-USB 
mode) digital synthesis receiver designs are available to 
support this function. However, a prerequisite for any such 
receiver 404 is a frequency stability better than :3 ppm, a 
requirement that can be readily met by currently available 
hardWare. From receiver 404, the direct and scatter channel 
outputs 460 and 462 (Which may be in complex I,Q format) 
are fed to a signal processor 408, Which comprises hardWare 
and softWare components required for processing signals 
416 and 420, and for executing appropriate algorithms that 
analyZe these signals to determine Whether a detected pro 
jectile poses a true threat to a local target aircraft. 

[0046] In one embodiment, signal processor 408 com 
prises an analyZer 440, a discriminator 442, one or more 
memory modules 490, 492, and detection logic 488. Direct 
and scatter channel outputs 460 and 462 are received by 
analyZer 440 as inputs to a dual-channel analog-to-digital 
(A/D) converter 464, the dual channels corresponding to the 
direct and scatter channels. A/D converter 464 is con?gured 
to maintain a sampling rate that is consistent With the 
Nyquist criteria for the baseband Doppler bandWidth. From 
A/D converter 464, digitiZed data streams 466 and 468, 
corresponding, respectively, to the direct and scatter chan 
nels, feed a dynamic spectral analysis module 470 that 
develops continually updated spectral density data over time 
for each channel. Module 470 outputs spectral density 
signals 472 and 474, for the respective direct and scatter 
channels, to comparator 476. There, the Doppler offset 
determined to exist on the direct channel is subtracted in the 
frequency domain from the spectral content on the scatter 
channel to effect removal of relative source motion (i.e. 
motion of transmitter 402) from the scatter path. FolloWing 
this step, analyZer 440 outputs the resulting time-frequency 
data signal 478 to discriminator 442. Signal 478 is fed 
directly to module 480, Which by periodically sampling 
signal 478, maintains a moving-WindoW average of the 
background spectrum 482 across a frequency range and time 
interval of interest. This provides an assessment of the 
sloWly varying spectral background that tends to smooth out 
any transient spikes. 

[0047] In comparator 484, the average background spec 
trum 482 is routinely removed from the original non 
averaged data signal 478. Comparator 484 thus extracts a 
signal 486 comprising characteristic signatures derived from 
scatter signal 420, thereby discriminating signals of interest 
from background noise. These characteristic signatures may 
comprise time-transient components of the Doppler spectral 
history indicative of a threat projectile. Other examples of 
characteristic signatures of interest include time-frequency 
pro?les, and other data from Which a projectile ?ight pro?le 
may be derived. Those spectral components in signal 486 
that pass through discriminator 442 are then fed to a detec 
tion module 488, Which determines Whether the spectral 
characteristics fall Within the range of a real threat. Detec 
tion module 488 performs this step by comparing signal 486 
to data stored in one or more memory modules either 
integral to, or otherWise accessible by, detection module 
488. Detection module 488 may thus comprise a logic 
control device such as a processor (performing, for example, 
matched ?ltering), and the memory modules may comprise 
any processor-readable medium knoWn in the art. Data 
stored in the memory modules may comprise a set of values 
representative of knoWn characteristic signatures (hereinaf 
ter “modeled signatures”) indicative of a ballistic threat, for 
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example, a set of spectral amplitude and frequency thresh 
olds 490, a template of source modulation spectra 492, or 
any combination of the foregoing. These modeled signatures 
may be derived from empirical data and/or from various 
phenomenology described hereafter. 

[0048] If the comparison analysis performed by detection 
module 488 yields a result Within a range of match criteria, 
then a Warning signal 494 Will be set to indicate that a 
ballistic threat has been detected and defensive action is 
Warranted. A match criteria may be met, for example, if the 
result of a comparison indicates that a substantial similarity 
exists betWeen (1) one or more characteristic signatures 
derived from a signal 486, and (2) one or more modeled 
signatures stored in a memory module 490 or 492. Warning 
signal 494 comprises any means knoWn in the art for 
triggering or initiating a response from another system. For 
example, Warning signal 494 may comprise a voltage signal, 
eg a logical one at the input to a transistor or ampli?er, or 
it may comprise a voltage or current signal that energiZes a 
relay, sWitch, motor, Wireless transmission, or other electri 
cal or mechanical device or interlock suitable for the pur 
pose of actuating an appropriate defensive countermeasure 
to address the ballistic threat. In an alternative embodiment, 
system 400 comprises a means for deploying one or more 
defensive countermeasures responsive to the Warning signal. 

[0049] If hoWever, the comparison yields a result outside 
the range of a match criteria, no Warning signal is set. This 
is the case, for example, When scatter signal 420 comprises 
only extraneous re?ections of the overhead RF illumination 
that fall Within the ?eld of vieW of the receiver 404. These 
may be caused by scatter signals 122 from the Earth or 120 
from other aircraft or man made objects. Detected scatter 
from stationary and sloW moving objects (relative to a 
typical missile) Will have a loWer Doppler spectrum that Will 
not bear a substantial similarity to one or more modeled 
signatures of a ballistic threat. Optionally, detection module 
488 (or another module Within signal processor 408) is 
con?gured With ?ltration circuitry to speci?cally ?lter such 
loWer Doppler spectrum signals out of the detection process. 

[0050] Interference Sources: Airborne receivers 404 could 
be subject to numerous interference sources from active 
ground-based transmitters including radio and TV stations, 
cellular phones, FM/AM radio, etc. Judicious selection of 
the illuminator frequency can help reduce the effects of these 
types of transmission interference. HoWever, a feature of the 
algorithm is to maintain a moving-time WindoW over Which 
the background spectral density is averaged (i.e. a moving 
WindoW average). In this Way environmental sources are 
characteriZed and their presence can be removed by doWn 
stream processing. A transient Doppler event induced by a 
missile approach can then be more easily extracted from 
amid a croWded spectral band ?lled With terrestrial sources. 
For example, in one embodiment of the invention, an 
algorithm executed by detection module 494 may search for 
a differential change in spectral poWer Within a designated 
Doppler bandWidth, Which change is characteristic of a 
ballistic threat. This feature provides a useful method for 
mitigating the effects of constant or recurring transmission 
interference. 

[0051] FIG. 5 illustrates tWo moving-WindoW averages, 
the ?rst calculated at time T1 and the second calculated at a 
later time Tn. In each plot, the magnitude |A| of spectral 
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background at any frequency f represents a moving-WindoW 
average of spectral background densities 582 measured over 
any desired time interval At, at any appropriate sampling 
rate. For example, the spectral density shoWn at time T1 
represents the average spectral density measured betWeen 
time (Tl-At) and T1, and the spectral density shoWn at time 
Tn represents the average spectral density measured betWeen 
time (Tn-At) and Tn. By maintaining this moving-WindoW 
average, module 480 may extract from signal 478 a sub 
stantially smooth background spectrum 482, despite the 
presence of isolated peaks, for later use in isolating spectral 
components of interest from signal 478. 

[0052] Phenomenology 
[0053] The characteristic signatures described above that 
are indicative of a ballistic threat are narroWband Doppler 
signals derived from scatter signal 420. HoWever, one 
skilled in the art Will readily recogniZe that characteristic 
signatures of a ballistic projectile exploitable by the present 
invention are in no Way limited to narroWband Doppler 
signals. A scatter signal 420 may contain various phenom 
enology exploitable by the present invention for purposes of 
detecting ballistic threats. Examples of other phenomenol 
ogy extractable from scatter signals also include, in a 
non-limiting sense, projectile ?ight pro?le, Doppler band 
Width, and radar cross section (RCS). 

[0054] Projectile Flight Pro?le: This characteristic signa 
ture comprises data representing the predicted path of a 
ballistic projectile in three-dimensional space. For initial 
analysis and algorithm design, one can assume, as in the 
above discussion of FIG. 2, a straight-line velocity vector 
With constant magnitude and elevation angle. Later re?ne 
ment can incorporate the effects of many other variables, 
either detectable by receiver 104 or provided to processor 
108 from another onboard source, that affect the probability 
of a collision, such as Wind direction and speed, changes in 
the velocity and ?ight path of the target aircraft, and in-?ight 
maneuvering of an attacking missile provided by a thermal 
tracking & guidance system. Multi-dimensional vectors are 
then derived from these variables for both projectile 118 and 
target aircraft 106(a). An algorithm, executed by processor 
108, then calculates, based on the vectors, the probability of 
a collision. If the probability meets or exceeds a predeter 
mined threshold, processor 108 outputs a Warning signal, 
and in response, aircraft 106(a) may initiate appropriate 
countermeasures. 

[0055] Doppler BandWidth: This characteristic signature 
comprises data representing a Doppler bandWidth of signals 
re?ected by an incoming projectile. Typical geometries 
generally associated With attack scenarios yield a Well 
constrained magnitude range of Doppler shifts imparted by 
projectile scattering. By exploiting only narroWband Dop 
pler signatures to detect the incoming projectile, the system 
is able to reduce Wideband interference effects. In one 
embodiment, the disclosed approach alloWs for the applica 
tion of a modulated signal source as the illuminator. Doppler 
shifted modulation Will appear on the desired scatterer 
returns and provide a useful discriminator to improve detect 
ability and distinguish loW-level scatter signals from poten 
tially strong terrestrial RF sources that fall Within the 
Doppler passband. 

[0056] Radar cross section: RCS is an important charac 
teristic in detecting scattered energy from a projectile. The 
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RCS of an object of radius r in the Rayleigh region (2J'cr/ 
7»<<1) is sensitive to polariZation and aspect angle. In the 
Rayleigh case, the RCS, a, for targets can be approximated 
as 

[0057] Where V is the spherical volume, and 7» is the 
Wavelength (7t=c/fs) of the illuminating radiation. Toomay, 
“Radar Principles,” p. 65, 1982. Typical RCS values for a 
spherically approximated Warhead With r=3.5 cm are 3x10“5 
m2 for fs=250 MHZ and 3x10‘1 m2 for fs=2.5 GHZ. RCS 
values Within this range are said to lie Within a Warhead 
range. It should be noted that the Warhead range given above 
is an approximation only, and should not be thought of in 
any limiting sense. Because the design and composition of 
projectile Warheads varies, the RCS Will vary accordingly. 
For example, the upper bound on the Warhead range may 
exceed 3x10‘1 m2, particularly for ordnance having r greater 
than 3.5 cm. For non-metallic materials, the RCS may drop 
to very loW values, thus the loWer bound on Warhead range 
may be even less than 3x10“5 m2, depending on Warhead 
composition and dimensions. In the case Where Warhead 
RCS is less than about 3x10‘5 m2, an alternative embodi 
ment may exploit the supersonic shock front that exists out 
ahead of the moving projectile. The very high pressure 
gradient in this area Will form boundary Zones of varying 
dielectric constant. The characteristic scattering of RF illu 
mination re?ecting from these boundary Zones provides an 
alternate mechanism for detecting the incoming projectile 
When its surface scatter is otherWise undetectably loW. 

[0058] System Design Criteria 

[0059] Other system design criteria relevant to a system 
according to the invention include: 

[0060] Antenna Con?guration: In one embodiment, for a 
system comprising an illumination transmitter 102 located 
onboard a satellite or otherWise overhead at a very high 
altitude relative to target aircraft 106(a), there is a preferred 
con?guration of receiver antennas. Ideally, direct path 
antenna 128(a) is mounted on or near the top of aircraft 
106(a) to facilitate direct path illumination from transmitter 
102, and scatter path antenna 128(b) is mounted on or near 
the underside of aircraft 106(a), Which is the side most likely 
exposed to projectile scatter. Both antennas could exhibit 
relatively loW-gain to provide a large beamWidth (i.e. ?eld 
of vieW) in one direction, the one direction being substan 
tially upWard for antenna 128(a) and substantially doWn 
Ward for antenna 128(b). In other embodiments, substantial 
cost reductions could be realiZed by employing a single 
antenna receive con?guration. For example, When illumina 
tion transmitter 102 comprises a stationary transmitter, a 
direct path antenna 128(a) may be unnecessary and scatter 
path antenna 128(b) could comprise an existing VHF com 
munications antenna already installed on aircraft 106(a). In 
this aspect of the invention, the illumination frequency fS 
Would need to fall Within the bandWidth of the existing 
antenna. 

[0061] Regarding the antenna of transmitter 102, a pre 
ferred con?guration comprises mounting the antenna such 
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that its incident beam illuminates a desired volume of 
airspace 110. For example, a transmitter 102 located on 
board a satellite may train its incident beam at the center of 
the earth, intersecting surface 114 at What is termed the nadir 
point. Alternatively, the beam may be directed at a ?xed 
location on the earth, such as airspace surrounding an airport 
or other high-traf?c area, While the satellite orbits. In the 
latter case, an antenna of transmitter 102 may be con?gured 
for variable positioning. Another embodiment of the inven 
tion contemplates a plurality of transmitters 102, for 
example, each located on board a different satellite, such that 
a plurality of airspace volumes 110 may be illuminated. In 
this embodiment, an aircraft 106(a) may bene?t from con 
tinuous exposure to at least one RF signal 116 as its ?ight 
path takes it from one airspace volume 110 to the next. In 
one aspect of this embodiment, the plurality of airspace 
volumes 110 overlap, thereby providing continuous protec 
tion for aircraft 106(a). In another aspect, the plurality of 
airspace volumes 110 overlap only Where necessary, that is, 
Where a single transmitter 102 provides insuf?cient cover 
age, e.g. over large battle?eld areas, large metropolitan 
areas, or other extended areas at high risk of encountering 
ballistic threats. In any of these embodiments, a preferred 
antenna con?guration for a transmitter 102 also depends on 
the desired gain, Which is determined according to the 
desired illumination beamWidth for airspace 110. When 
selecting antenna gain, skilled artisans Will recogniZe the 
design tradeoff betWeen poWer density and illuminating 
volume. Ahigher gain offers improved poWer density, and in 
turn, improved scatter detectability, but at the expense of a 
reduction in the illuminating volume 110. 

[0062] Operating Frequency: One variable under control 
in developing the disclosed detection system is the operating 
frequency f5. Selection of this frequency Will be in?uenced 
by the desire to maximiZe the RC5 for projectiles of interest 
(see equation 3) While Weighing other constraints such as 
terrestrial interference in that frequency band, or possible 
FCC restrictions. The RCS of a typical projectile When 
operating the Rayleigh region is proportional to 7C4. A 
typical projectile comprises any of the various projectiles 
de?ned above, that are composed of metallic material, and, 
When in ?ight, provide an approximately spherical frontal 
pro?le of radius r, Where 2J'cr/7»<1. Thus, to increase the 
RC5, it is necessary to illuminate the projectile With a 
shorter Wavelength. At one extreme, an RCS may be maxi 
miZed by selecting an operating Wavelength 7» that equals the 
circumference of the equivalent sphere representing the 
projectile nose. In other cases, it may be desirable to choose 
a frequency that corresponds to one of the already available 
receiver systems onboard the aircraft, such as that used for 
VHF ground communications. 

[0063] Polarization: Another variable under control is 
polariZation of the transmitted RF. It is Well knoWn in the art 
that polariZation can signi?cantly affect RCS. See, eg 
Toomay at pp. 66-68. For example, When a radar transmits 
circularly polariZed Waves, the receiving aperture does not 
respond to re?ections from spherical objects if the transmit 
and receive polariZation is the same. In one embodiment of 
the present invention, this effect may be mitigated through 
the use of linear polariZation. For certain geometries, linear 
polariZation provides a superior solution to circular polar 
iZation, particularly Where both the transmit and receive 
apparatus are operating in the same polariZation sense. 
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[0064] Transmission PoWer: The poWer, P, of the trans 
mitted RF signal is another controllable variable in a system 
according to the invention (see equation 1). A higher trans 
mit poWer may be used to improve signal-to-noise ratio, but 
there are certain regulatory and practical limitations on 
maximum transmission poWer. The desire to boost re?ected 
signals above the level of the background noise spectrum 
must be balanced by the need to keep poWer levels Within 
restrictive limits imposed by the FCC for the particular 
frequency band of interest. Practical limitations on trans 
mission poWer come into play Wherever an illumination 
transmitter 102 draWs poWer from a limited resource, such 
as an RF transmitter located on a satellite and that operates 
on battery poWer or solar cells. 

[0065] Source Modulation: Another variable under control 
is source modulation. Modulation of an RF signal 116 
transmitted from a transmitter 102 can be used to facilitate 
the detectability of threatening projectiles. Knowledge of the 
spectral signature imparted by the modulation can be 
exploited to simplify an algorithm used for distinguishing 
projectile scatter from background noise and terrestrial 
sources. In one embodiment, a loW-frequency (eg 100 HZ) 
amplitude modulation is applied to the RF illumination 
signal at transmitter 102. Those skilled in the art Will realiZe 
that by coupling a demodulation or matched ?ltering com 
ponent to receiver 104 or processor 108, RF noise or 
interference issuing from multiple terrestrial sources can 
easily be ?ltered out at the receiving stage, While still 
maintaining Doppler scatter of narroWband bandwidth for 
doWnstream processing of re?ected signals. 

[0066] Detection Latency: Detection latency can be 
de?ned as the time interval from the time When a ballistic 
threat enters the surveyed airspace volume 110 to the time at 
Which Warning signal 494 is generated. Given the short 
timelines betWeen launch and potential impact (t=4 seconds 
for the cited example scenario), this latency time should be 
maintained as short as reasonably possible. This Would 
alloW adequate time for countermeasures (e.g. thermal 
decoys) to be deployed and to take effect. The current state 
of technology in commercial, general purpose processor 
chips (such as the PPC970) is such that implementing a near 
real-time algorithm response Within an onboard processor is 
realistically attainable. For example, the implementation of 
continuous frequency-time analyses With processor 108 
could be carried out through the use of the fast Fourier 
transform Typical benchmark performance of the 
PPC970 for a 4096-point complex FFT is roughly 56 micro 
seconds. The use of single or multiple CPUs of this class, 
each capable of averaging at least 1><109 ?oating point 
operations per second (?ops/sec), Will enable detection 
latency times of 250 milliseconds or less, a value that is quite 
suitable for the intended application. 

[0067] Example operating parameters: In one embodiment 
of a system according to the invention, a set of operating 
parameters applying the disclosed approach comprises the 
folloWing: 

[0068] (1) Projectile speed: 600 to 800 meters/sec 
ond; 

[0069] (2) Illumination frequency/poWer: fs=200 
MHZ (7»=1.5 m) @ 1 kW; 

[0070] (3) Receiving antenna gain: 3 dBi; 
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[0071] (4) Doppler pass band from carrier: 700 to 
1000 HZ (£5200 MHZ); 

[0072] (5) Maximum detection range from aircraft: 5 
km; 

[0073] (6) Angular ?eld of vieW (from aircraft verti 
cal centerline): +/—60 degrees; and 

[0074] (7) Time latency for processor output: 0.2 
second. 

[0075] Methods According to the Invention: 

[0076] FIG. 6 illustrates one method 600 according to the 
present invention for detecting ballistic threats to aircraft. 
The method begins With step 601, by illuminating an air 
space around a target aircraft With RF Waves transmitted 
from a transmission source in a remote location relative to 

the target. As in previously described embodiments, the 
transmission may comprise a CW radar signal, and the 
illuminated airspace may comprise a broad volume of atmo 
sphere bordered at its bottom by the earth’s surface, and at 
its sides according to the limits of transmission signal 
strength. In another embodiment, the CW radar signal is 
modulated. The next step in method 600 is step 603, Which 
comprises receiving a reference signal from the transmission 
source in a ?rst channel of a receiver sited locally at the 
target. Accordingly, the target aircraft is equipped With some 
form of receiving means, such as an antenna con?gured to 
receive a signal broadcast at the transmission frequency of 
the source. In one embodiment, the signal received in this 
step is acquired by direct path illumination from the trans 
mission source. Next, step 605 comprises receiving, in a 
second channel of the receiver sited locally at the target, a 
second signal from the transmission source, Wherein the 
second signal comprises a signal re?ected by a projectile 
Within the airspace. In the ?nal step 607, the reference signal 
and the re?ected signal are processed by a signal processor 
to determine Whether the projectile poses an imminent threat 
to the target aircraft. In a preferred embodiment, the signal 
processor is sited locally on the target aircraft, and is 
electrically coupled to the tWo-channel receiver. Processing 
step 607 may further comprise deriving one or more char 
acteristic signatures from the re?ected and/or reference 
signals. The one or more characteristic signatures may 
comprise Doppler signals, a Doppler bandWidth, a time 
frequency pro?le, or some other characteristic representative 
of the projectile such as an RCS or a ?ight pro?le. In 
deriving a ?ight pro?le of the projectile, processing step 607 
may additionally include a step for accounting for in-?ight 
maneuvering of the projectile, in-?ight maneuvering of the 
target aircraft, or meteorological conditions such as Wind 
direction and velocity. 

[0077] In another embodiment, method 600 includes an 
additional step comprising deploying one or more defensive 
countermeasures, knoWn in the art, responsive to determin 
ing an imminent threat. As previously discussed, these 
countermeasures may be any actions that prevent a ballistic 
projectile from impacting the target aircraft, such as the 
release of chaff to collide With the projectile, or the release 
of thermal decoys to confuse a projectile equipped With a 
thermal tracking system. In another embodiment, the one or 
more countermeasures are deployed responsive to the pro 
cessor deriving one or more characteristic signatures that 
substantially match any of one or more modeled signatures 
or characteristics that are stored in a memory accessible by 
the processor. 
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[0078] Referring noW to FIG. 7, a method 700 is disclosed 
according to the invention for detecting ballistic threats to 
aircraft consistent With principles of the system inventions 
previously discussed. Method 700 begins at step 701, in 
Which an RF illumination source in a remote location 

relative to one or more target aircraft illuminates, With radio 
Waves, a broad volume of airspace surrounding the one or 
more aircraft. In a preferred embodiment, the RF illumina 
tion comprises a transmission of CW radar, and in another 
embodiment, the CW radar signal may be modulated. Step 
701 is folloWed by step 703, in Which a ?rst receiving 
channel of a receiver mounted locally Within each of the one 
or more target aircraft, receives a reference signal from the 
RF illumination source. Next, in step 705, the one or more 
receivers receive, in a second channel, a second signal from 
the illumination source. The second signal comprises a 
portion of the transmitted signal that re?ects from a ballistic 
projectile. Inevitably, the receiver Will receive some amount 
of background noise in the form of scatter from objects other 
than the projectile, and from other sources of RF energy. 
Thus, the next step 707 comprises, by means of a processor 
coupled to each of the one or more receivers, subtracting 
background noise from the re?ected signal. In one embodi 
ment, this step may comprise subtracting background noise 
from signals received in each of the ?rst and second chan 
nels. In the folloWing step 709, a deriving means (eg a 
processor) located on each target aircraft derives one or 
more characteristic signatures of the projectile responsive to 
receiving the reference and re?ected signals. The character 
istic signatures may comprise, for example, one or more sets 
of spectral amplitude and frequency pro?les (or thresholds), 
one or more narroW band Doppler signals, an RCS of the 
projectile, or a ?ight pro?le of the projectile and/or target 
aircraft. Next, step 711 comprises comparing the one or 
more derived characteristic signatures to a set of modeled 
signatures or characteristics that are stored in a processor 
readable memory. In an alternate embodiment, step 711 
comprises predicting Whether the projectile and target Will 
collide based on ?ight pro?les. Finally, in step 713, method 
700 outputs a Warning signal if, based on the comparison of 
the previous step, one of the derived characteristic signatures 
is substantially similar to at least one of the knoWn or 
modeled signatures. Alternatively, Where the derived char 
acteristic signal comprises a ?ight pro?le, step 713 outputs 
a Warning signal responsive to predicting an imminent 
collision. 

[0079] With reference again to FIG. 4, a skilled artisan 
Will recogniZe that any of the previously described methods 
may be tangibly embodied as a series of instructions stored 
in a memory device coupled to a processor 408 or 488. 
These instructions are accessible to processor 408/488 
through any conventional means such as an address bus and 
a data bus. Auser interface 496 may be any suitable interface 
for alloWing a user to input information to a processor 
408/488 and/or alloWing processor 408/488 to provide or 
display information to a user, including but not limited to a 
personal computer, display, keyboard, mouse, touch-screen, 
or the like. 

[0080] In operation, a user may input to processor 408/488 
one or more commands through user interface 496. Respon 
sive to the one or more commands, processor 408/488 
retrieves instructions stored in memory 804 corresponding 
to the one or more commands, and executes the instructions, 
thus performing one or more steps of a method according to 
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the invention. Alternatively, a user may transfer data for 
storage in a memory module 490 or 492 through user 
interface 496. Or, though user interface 496, a user may save 
a program in a memory accessible by, or integral to, pro 
cessor 408/488, Which memory embodies one or more 
algorithms according to the invention. It is noted, hoWever, 
that a user interface 496 is not required for operation of the 
present invention, Which, in one embodiment, may function 
automatically. 
[0081] While various embodiments of the invention have 
been described, it Will be apparent to those of ordinary skill 
in the art that many more embodiments and implementations 
are possible that are Within the scope of this invention. 
Accordingly, the invention is not to be restricted eXcept in 
light of the attached claims and their equivalents. 

1. A radar system for detecting a presence of a ballistic 
projectile, comprising: 

a source of radio frequency energy, sited remotely from a 
target, for illuminating airspace around the target; 

a receiver, sited locally to the target, the receiver having 
?rst and second receiving channels, the ?rst receiving 
channel con?gured to acquire a reference signal from 
the source, and the second receiving channel con?g 
ured to acquire a second signal from the source, the 
second signal re?ected by the projectile; and 

a signal processor including a means for determining 
Whether the projectile poses an imminent threat to the 
target. 

2. The system of claim 1 further comprising a means for 
generating a Warning signal responsive to the signal proces 
sor detecting the presence of the ballistic projectile. 

3. (canceled) 
4. The system of claim 31 further comprising a means for 

deploying one or more countermeasures responsive to the 
signal processor detecting an imminent threat. 

5. The system of claim 4 Wherein the deploying means 
comprises releasing chaff or thermal decoys. 

6. The system of claim 1 Wherein the source comprises a 
continuous Wave transmitter. 

7. The system of claim 6 Wherein the continuous Wave is 
modulated. 

8. The system of claim 1 Wherein the reference signal is 
acquired by direct path illumination from the source. 

9. The system of claim 4 Wherein the signal processor 
derives one or more Doppler signals from the re?ected 
signal and the reference signal. 

10. The system of claim 9 Wherein the one or more 
Doppler signals comprise a Doppler bandWidth. 

11. The system of claim 9 Wherein the one or more 
Doppler signals comprise a time-frequency pro?le. 

12. The system of claim 9 Wherein the signal processor 
outputs one or more characteristic signatures of the projec 
tile derived from the one or more Doppler signals. 

13. The system of claim 12 Wherein the deploying means 
deploys the one or more countermeasures responsive to the 
processor outputting the one or more characteristic signa 
tures. 

14. The system of claim 12 Wherein at least one of the 
characteristic signatures comprises a radar cross section. 

15. The system of claim 14 Wherein the radar cross section 
lies Within a Warhead range. 
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16. The system of claim 12 Wherein at least one of the 
characteristic signatures comprises a ?ight pro?le of the 
projectile. 

17. The system of claim 16 Wherein the one or more 
countermeasures are employed responsive to the processor 
predicting a collision betWeen the projectile and the target 
based on the ?ight pro?le. 

18. The system of claim 16 Wherein the ?ight pro?le 
accounts for in-?ight maneuvering by the projectile. 

19. The system of claim 12 further comprising a memory 
coupled to the processor, the memory storing data repre 
senting one or more modeled signatures of ballistic projec 
tiles. 

20. The system of claim 19 Wherein the deploying means 
deploys the one or more countermeasures responsive to the 
processor determining that at least one of the one or more 
characteristic signatures is substantially similar to any of the 
one or more modeled signatures. 

21. A radar system for detecting an imminent threat from 
a ballistic projectile, comprising: 

a source of radio frequency energy, sited remotely from a 
target, for illuminating airspace around the target; 

a receiver, sited locally to the target, the receiver having 
?rst and second receiving channels, the ?rst receiving 
channel con?gured to acquire a reference signal from 
the source, and the second receiving channel con?g 
ured to acquire a second signal from the source, the 
second signal re?ected by the projectile; 

a signal processor, sited locally to the target, for process 
ing the re?ected signal and the reference signal to 
derive one or more characteristic signatures induced by 
the projectile, the signal processor further comprising: 

an analyZer for removing, from the re?ected signal, 
Doppler effects caused by motion of the source; 

a discriminator for subtracting background noise from 
the re?ected signal; 

one or more memory modules coupled to the processor 
for storing one or more modeled signatures; and 

detection logic for comparing the one or more derived 
characteristic signatures to the one or more modeled 
signatures; 

Whereby if the comparison detects a substantial similarity 
betWeen at least one of the characteristic signatures and 
at least one of the modeled signatures, the signal 
processor outputs a Warning signal. 

22. The system of claim 21 further comprising a means for 
deploying one or more countermeasures responsive to the 
Warning signal. 

23. The system of claim 22 Wherein the deploying means 
comprises releasing chaff or thermal decoys. 

24. The system of claim 22 Wherein the source comprises 
a transmitter. 

25. The system of claim 24 Wherein the transmitter 
transmits a continuous Wave. 

26. The system of claim 25 Wherein the continuous Wave 
is modulated. 

27. The system of claim 21 Wherein the reference signal 
is acquired by direct path illumination from the source. 
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28. The system of claim 21 wherein at least one of the 
derived characteristic signatures comprises one or more sets 
of spectral amplitude and frequency thresholds. 

29. The system of claim 21 Wherein at least one of the 
knoWn signatures comprises one or more sets of spectral 
amplitude and frequency thresholds. 

30. The system of claim 21 Wherein at least one of the 
derived characteristic signatures comprises a narroW band 
Doppler signal. 

31. The system of claim 21 Wherein at least one of the 
derived characteristic signatures comprises a radar cross 
section. 

32. The system of claim 31 Wherein the radar cross section 
lies Within a Warhead range. 

33. The system of claim 21 Wherein at least one of the 
derived characteristic signatures comprises a ?ight pro?le of 
the projectile. 

34. The system of claim 33 Wherein the detection logic 
outputs a Warning signal responsive to the processor pre 
dicting a collision betWeen the projectile and the target based 
on the ?ight pro?le. 

35. The system of claim 33 Wherein the ?ight pro?le 
accounts for in-?ight maneuvering by the projectile. 

36. A method for detecting an imminent threat from a 
ballistic projectile, comprising: 

illuminating airspace around a target With a source of 
radio frequency energy, the source sited remotely from 
the target; 

receiving a reference signal from the source in a ?rst 
channel of a receiver sited locally at the target; 

receiving, in a second channel of the receiver, a second 
signal from the source, the second signal re?ected by 
the projectile; and 

processing the re?ected signal and the reference signal to 
determine Whether the projectile poses an imminent 
threat to the target. 

37. The method of claim 36 further comprising deploying 
one or more countermeasures responsive to determining an 
imminent threat. 

38. The method of claim 37 Wherein the deploying step 
comprises releasing chaff. 

39. The method of claim 37 Wherein the deploying step 
comprises releasing thermal decoys. 

40. The method of claim 36 Wherein the illuminating step 
further comprises transmitting continuous Wave radar. 

41. The method of claim 40 Wherein the continuous Wave 
radar is modulated. 

42. The method of claim 36 Wherein the ?rst receiving 
step further comprises acquiring the reference signal by 
direct path illumination from the source. 

43. The method of claim 37 Wherein the processing step 
further comprises deriving one or more Doppler signals 
from the re?ected signal and the reference signal. 

44. The method of claim 43 Wherein the one or more 
Doppler signals comprise a Doppler bandWidth. 

45. The method of claim 43 Wherein the one or more 
Doppler signals comprise a time-frequency pro?le. 

46. The method of claim 43 Wherein the processing step 
further comprises deriving one or more characteristic sig 
natures of the projectile from the one or more Doppler 
signals. 
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47. The method of claim 46 Wherein the deploying step 
further comprises deploying the one or more countermea 
sures responsive to deriving the one or more characteristic 
signatures. 

48. The method of claim 47 Wherein at least one of the 
characteristic signatures comprises a radar cross section. 

49. The method of claim 48 Wherein the radar cross 
section lies Within a Warhead range. 

50. The method of claim 47 Wherein at least one of the 
characteristic signatures comprises a ?ight pro?le of the 
projectile. 

51. The method of claim 50 Wherein the processing step 
further comprises predicting Whether the projectile and the 
target Will collide based on the ?ight pro?le, and Wherein the 
deploying step further comprises deploying one or more 
countermeasures responsive to a predicted collision. 

52. The method of claim 50 Wherein the processing step 
further comprises deriving the ?ight pro?le by accounting 
for in-?ight maneuvering by the projectile. 

53. The method of claim 46 Wherein the deploying step 
further comprises deploying the one or more countermea 
sures responsive to deriving at least one of the one or more 
characteristic signatures that substantially matches any of 
one or more modeled signatures stored in a memory. 

54. Amethod for detecting imminent threats from ballistic 
projectiles to one or more aircraft targets, comprising: 

illuminating airspace around the one or more targets With 
an RF transmitter sited remotely from the one or more 
targets; 

receiving, in a ?rst channel of a receiver sited locally at 
each of the one or more targets, a reference signal from 

the transmitter; 

receiving, in a second channel of each receiver, a second 
signal from the transmitter, the second signal re?ected 
by a projectile; 

subtracting background noise from the re?ected signal 
received at each of the one or more targets; 

deriving, at each of the one or more targets, one or more 
characteristic signatures of the projectile, from the 
re?ected signal and the reference signal received at 
each of the one or more targets; 

comparing the one or more derived signatures to one or 
more modeled signatures stored in a memory; and 

producing a Warning signal if at least one of the derived 
signatures is substantially similar to at least one of the 
modeled signatures. 

55. The method of claim 54 further comprising deploying 
one or more countermeasures responsive to producing the 
Warning signal. 

56. The method of claim 55 Wherein the deploying step 
further comprises releasing chaff or thermal decoys. 

57. The method of claim 54 Wherein the illuminating step 
further comprises transmitting continuous Wave radar. 

58. The method of claim 57 Wherein the continuous Wave 
radar is modulated. 

59. The method of claim 54 Wherein the ?rst receiving 
step further comprises acquiring the reference signal by 
direct path illumination from the transmitter. 

60. The method of claim 54 Wherein at least one of the 
derived signatures comprises one or more sets of spectral 
amplitude and frequency thresholds. 
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61. The method of claim 54 wherein at least one of the 
modeled signatures comprises one or more sets of spectral 
amplitude and frequency thresholds. 

62. The method of claim 54 Wherein at least one of the 
derived signatures comprises a narroW band Doppler signal. 

63. The method of claim 54 Wherein at least one of the 
derived signatures comprises a radar cross section. 

64. The method of claim 63 Wherein the radar cross 
section lies Within a Warhead range. 

65. The method of claim 54 Wherein at least one of the 
derived signatures comprises a ?ight pro?le of the projectile. 

66. The method of claim 65 Wherein the comparing step 
further comprises predicting Whether the projectile and the 
target Will collide based on the ?ight pro?le, and Wherein the 
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producing step further comprises producing a Warning signal 
responsive to predicting an imminent collision. 

67. The method of claim 65 Wherein the deriving step 
further comprises accounting for in-?ight maneuvering by 
the projectile in deriving the one or more characteristic 
signatures. 

68. The system of claim 1, Wherein the means for deter 
mining is a detection module, the detection module being 
con?gured to compare data associated With the second 
signal With a match criteria to determine if the ballistic 
projectile poses an imminent threat. 


