WO 2006/ 104511 PCT/ US2005/ 028680 COMPACT SHOOTER LOCALI ZATI ON SYSTEM AND
METHOD Background of the Invention The present invention relates to | aw

enf or cenentwoeedsnedsegi es and security, and 5 nore partigul@hbisobsssdret hods
and systens for determning the origi-n and direction of travel of
supersoni c projectiles based on shockwave-only information. Systens and

met hods are known that can determ ne the general direction and trajectory
of supersonic projectiles, such as bullets and artillery shells by neasuring
paranmeters associated with the shockwave generated by a projectile. One such

10 system desor | bed e At Sy BBtoe 1o 2RISRl UdEvBlgRSt. (hree

spaced-apart senso ch’sensor T ncor pora ree acoustic
transducers arranged in a plane. The sensors generate signals in response
to the shockwave which are related to the azinmuth and el evation angle to

the origin of t gﬂ @g @gk-mave-only measurenents are unable to
determ ne the dﬁgﬂ?Ck ?&k Mﬁhﬁﬁh he sensor(s) and the 15 origin of the
shockwave. Di st ancfheigdofiTREhR rbisted 1604 BlbiéerBt RLMRIales O §BRiuag! e flash
or nmuzzle blast. The azinmuth and el evation angle of a shooter wth reference

to the sensof MeEaeftishlary © refhside and systeras for datermining thererigin frdrirection of

Ti me- Of - A7 11 val o LMo ORI FRACARs bEd SNG3AAGKYRY Briaach Sensor . Each of

t he sensors encounters the ckwave at a 20 different tine and generates a

signal in responsesyk@mt ifd SRACKNRY RndWLRRULE detdiBne i 38R dikQhlae various
sensors are processed, and a direction (azinuth and_elevation) fromthe

sensor (s) to-t hBAEHeyOhSUpErseHePRiseirsairB anprilelione artiflery shellybyatearying of t he

projectile can Fﬂarﬂ&ér@raggoﬁﬁtgd vHONYEREIRNAl SUShEdDy aNPloRYIBT ChRPhenes, which
can be relatively closel apart) or wdely

_g 25 spaced (e.q., 1 neter ap

di spersed (89g. YsiyBufesabEnind) YeritcNe w4158 indudes pyleas apeetracadripart _
batt| ef ' el d), a&fﬂsd?@aﬁiﬂf Sach Q@:%Kr\/\@l\é@rp&ﬁﬁfgstlﬂfe%.a‘ém%tic tehddfcetd ARkl indd their
respective | ocations. One exenplary antenna includes a total

plane. The sensors generate signals in response to the shockwave which are related

to the azimuth and elevation angle to the origin of the shockwave. Shock-wave-only

measurements are unable to determine the distance between the sensor(s) and the

15  origin of the shockwave. Distance information is typically obtained from the muzzle

flash or muzzle blast.

The azimuth and elevation angle of a shooter with reference to the sensor
location are typically determined by measuring Time-of-Arrival (TOA) information
of the shockwave at each sensor, Each of the sensors encounters the shockwave ata

20  different time and generates a signal in response to the shockwave pressure. The
signals from the various sensors are processed, and a direction (azimuth and
elevation) from the sensor(s) to the origin of the shockwave and hence the trajectory

of the projectile can be determined.

Conventional systems employ microphones, which can be relatively closely

25 spaced (e.g., 1 meter apart) or widely dispersed (e.g., mounted on a vehicle or
carried by soldiers on a battlefield), and measure shockwave pressure omni-
directionally at their respective locations. One exemplary antenna includes a total of

7 omni-directional microphones, with 6 microphones distributed over the surface of



7 omi -directional mcrophones, with 6 m crophones distributed over the
surface of WD 20061104511 PCTI US2005/ 028680 a sphere (approx. dianmeter 1 m
and t he seygnbds/isafophone located in the center of theCEEIEISH2868M
arrangenment with less than 7 m crophones can produce | obes in the spatial
sensitivity pattern of the m crophone array. The relatively | arge antenna
size and the | arge nunber of sensors can be a major 5 disadvantage, for
exanpl e, in vehicle-nmounted systens. In addition, prior systems sense sound
pressure and hence requi re speci aI hi gh- pass and | ow pass filters for
correctly dlffere ?tl ng ir}ﬁgkwave Si na{]s 3 ent no}se
signals. Ambi eht? %rS PR1Z, ?1]3? IH hegvenligisrog 0"5 ﬁte éﬁ‘b R g
shockwave soundthe p]rhefesAneﬁangemeaddt}ilegsnhangymkmﬂsﬁortehaztn frodice dhbesemtthconal |y

nmeasure sound resa ureltc%, %t 3)2 er at e .anbi uous solutions in which the
Ti me- of - Ar ri val P8Ye PHEUERRATGRPE M MIAOPIGIS B set of sensors is nearly

identical for two f tric shooter cati.ons t) efore be
desirable to pr omegrelaq1 elgt &8 A as‘%ehan%ﬁ}e r e?uénbe?b?fse?sors\l\g et m‘tﬁﬁlre t he
trajectory of adlsld}melmgclrfbce)pm]eemt\lehmlemduhteé. systemls| dn additidog priofsygensor st hat
occupy | ess SPagGSse saogdd r%ssure a%dg-la 6flzbrle ulre s é:ci:%afl% enstsI aaﬁtdllo s%tfvl\g ShOCkwave
15 signal s and anbi ent. nolse an nat e i gui t
det erm nati on oforettly diffaotiaing plaswebn mmck&mmgr;alsoﬁndt heblbmvmml smgnaIEhe
di scl osed met hozgmbwrr;'tdnm 5 (Ejlgnga'%s a ebg a5 § rtg%ecci)r ev«fn ?rge‘?lt}]an’ sho%kwaovrecs uf NSOr's for
determ ning the origin iT&ctronl° o rave supersoni c projectiles
based on 20 shanksame Imraldgntmmfswmmﬂlajrmmniﬁ@imnmangntemsumumsmasure@in t he
i nvention, se f erm.nin pr u .adi by a
shockwave i ﬁocl ngrate a%)p%bl T SrOmmrtﬁsc uv‘r(?hécl,?1 tggzu ?f"g‘fll "glﬁ?eﬁ © ﬂ‘eral%ca body
elastically supg)mntsetcbfbgnsd)l’ﬂa sahpidertica foried murmrfsyrnmntnvehmM locatioas. | east two
directions, and an accel eroneter enclosed in the body and generating an 25
out put signal in rdespdhterafere he tesirelle tppbyidaa systerhandppetlod thitds flde toe i s
produced by determine the trajectory of a supersonic projectile with a smaller number of sensors
that occupy less space, and is also capable of differentiating between shockwave
15  signals and ambient noise and eliminating the ambiguity in the determination of the

shooter position.

Summary of the Invention

The disclosed methods and systems are directed, inter alia, to force sensors for
determining the origin and direction of travel of supersonic projectiles based on

20  shockwave-only information.

According to one aspect of the invention, a sensor for determining a pressure
gradient generated by a shockwave includes a support structure, a substantially
spherical body elastically supported by the support structure for movement in at
least two directions, and an accelerometer enclosed in the body and generating an

25  output signal in response to a force applied to the body. The force is produced by
the pressure gradient and the output signal indicates a magnitude and direction of the

pressure gradient.

According to another aspect of the invention, a system for determining the



the pressure gradi ent and the output signal indicates a nmagnitude and
direction of the pressure gradient. According to another aspect of the

invention, veo3asheBif or determining the 2 WO 2006/ 1045%E1RGId05a408°/ 028680
trajectory of a supersonic projectile includes at | east tw spaced-apart
sensors, Wwherein the sensors are supported by a support structure at a
known | ocati on and encounter a shockwave generated by the supersonic
projectile. Each sensor includes a substantially spherical body elastically
supported by the support structure for 5 novenent in at |east two
directions, and an accel eroneter enclosed in the body and generating an

out put si gnal itrajecespof 8 sup@saict mojbetilapmﬂhi(hd at teatthivobspdyed-aplve sérsorse i s
produced by a RiEssu rad e _and the oyt gnal

i ndi cates a naghr?lretmu%‘g 8“&‘ Seugf’mgﬁmgf Stuﬁ%orb §'§‘U’r% B'Pgn({)yélnna Gan arrival
tinme of the skmodumwesmbk»vdve gorerusrby thetsepesyoaicenojéctitet lmch sensolr indkndesa
processor t hat pl’ fta%aﬁs i[)]gae zillobo(a eastlcaﬁ¥ nlfp(?lpﬁ%fg% nefe%u?){)érlé;/erctureq:e from at

| east two sensgdr 2 para mhi'ng the
trajectory dof trim/eslarpem stdeasctwprdnjeﬁmhs lasd anﬂazcﬂérdmetgr dnoloyeeltin dedblipandaspect  of

the invention, r &sti matln traj ectory of S oni c
projectile, w tgﬁm’{rr%élgﬁpgf c&%ng D rgs(?um ng gor%eh%Jgﬁ g oé]?(e bOdﬁaTh lc]irgrce?he st eps
of providing atprdxhaealtbyta/\presspxacgmdleapefrthe serisavs altbte ngpa shgnaivmdlddieslaocati on

and orientati on, eb a ed to rreasur e-
di mensi onal pr esasgﬂﬁu g?’édl‘éeﬁ[]on OQtS[ﬁeepéeésﬁléeogp? \5 sf]enf?s8€§19ener ate a

shockwave i nf orshedkivave a8 ittgrsesor. nTheegqmmﬂmtherOndhmeS mpmsmcﬁdhappmseswsehegr adi ent s.

The et hod, f UrANGr GnsLudRS LA BLERS.OL, PEPEESSLOG L8 AhORKNRNE

i nformation sign erm ni ng “Fron t ockwave I'on si gnal
trajectory par amfetrmtlonﬂﬁdetahommgtlmamjenérytoﬁme pupejsewt plogctilEmbodi nent s of the
i nvention may include one or nore of the followng features. The

accel eronet er canAbeording b et aptes aspsctedfchomeensipn.tamethpd éd estanatiogthsut

trajectory of a supersonic projectile, with the projectile producing a shockwave,
includes the steps of providing at least two spaced apart sensors having a known
15  location and orientation, whereby each sensor is adapted to measure a three-
dimensional pressure gradient at the sensor location. The sensors generate a
shockwave information signal in response to the measured pressure gradients. The
method further includes the steps of processing the shockwave information signal
and determining from the shockwave information signal trajectory parameter

20  information of the projectile.

Embodiments of the invention may include one or more of the following
features. The accelerometer can be a three-axes accelerometer that produces output
signals representative of an acceleration in three mutually independent, for example
orthogonal, directions. The substantially spherical body can made of a lightweight

25  metal, such as aluminum, or a plastic material, such as a plastic (polyurethane) foam.
The foam can be protected by a protective, e.g., waterproof layer for operation in

harsh environments.

The support structure can be a frame of suitable shape, for example circular or

rectangular, with the body being supported in the frame by a wire, a thread or a tape.



signals representative of an acceleration in three nutually independent, for
exanpl e orthogonal, directions. The substantially spherical body can nade
of a |ight weogibt®@51imet al , such as al um num or a pl ast ipeTArRb®REHRLgy SUch as
a plastic (polyurethane) foam The foam can be protected by a protective,
e.g., waterproof layer for operation in harsh environnents. The support
structure can be a frame of suitable shape, for exanple circular or
rectangul ar, with the body being supported in the frane by a wire, a thread
or a tape. 3 WD 2006/104511 PCT/ 1L52005/ 028680 Advant ageously, the support
of the body can include danping neans. Alternatively, the body can be
supported on am@blasgebuslyrﬂrmeppmr\éthe[bedmmén@)d@lsiarsiaioglmehm paresgively,ndependent
di rections, ri support
structure has gﬂergtfgtaﬁa\ﬁlg) Snﬁonépé?ciggggtqéﬁ% M(%F BSE F% ‘t%%g‘{rlllg ?E}Eﬁency, for
exanpl e | ess thmpd_ndkli’dzi;requoaﬁ,arcabi;aysldrmgs than 100 Hz, so as not to
interfere with the shockwave detection. The shockwave information signal can
i ncl ude magni t ude Advahtagequelyt thenfrapfe ardéor thy suppert etrypturelihene refetaslyrlo® at two or
more sensorss anfudDgidit BRiflio w@k B exbhifle ISDREKIRNE pRbddiPieagngor s, The
parameter information for det erm tHh raj ectory 8 fr e supersonic
projectil e can l0adlzugas QM@tImrfemméUhq tackyaivadetdstios hoot er d| rection

el evation, trajectory direction azimuth, trajectory direction el evation,
muzzl e vel ocity, Thhehoskivavetinfamagor sietal cari iaplnde megnithds ardabirestionf Alied

advant ages of t I | owi ng
description of ptaér%tsal?éegég%t ﬂprga\éﬁg‘?r'éﬂ??%én&mpsgﬁ&?%é@% atlinrln"é;gP arI;lthe}rolffg%

Descri ption of s E@F@WEJV%RMﬂWgSQHWﬁe The pargugtergnfpimptioe for detpimining e trajepfory
i11ustrative enfpogdid qgmo%mogmjwﬁe éaﬂ‘ﬁ%‘ﬂfdle Ql'fbo'te'? dxrmbﬁtmhéﬁeshw&e&&m nurer al s

refer to |ike elenen These depicted enbodi nents are to be understood as
illustrative ofelaviieon; fiaggtono irgeitonnepimygh, [ajefteiyndirgatiom rijevipdgn, muzzle

velocity, and bullet drag coefficient.

Further features and advantages of the present invention will be apparent from

the following description of preferred embodiments and from the claims.

15  Brief Description of the Drawings

The following figures depict certain illustrative embodiments of the invention in
which like reference numerals refer to like elements. These depicted embodiments

are to be understood as illustrative of the invention and not as limiting in any way.

20 FIG.1 shows schematically a first embodiment of a sensor capable of

measuring pressure gradients in three orthogonal directions;

FIG.2 shows schematically a second embodiment of a sensor capable of

measuring pressure gradients in three orthogonal directions;

FIG.3 shows the force applied to the sensors of FIG. 1 and FIG. 2 by the

25 pressure gradient of a shockwave emanating from a projectile;

FIG. 4 shows the force transfer function of the sensors of FIG. 1 and FIG. 2 as

a function of frequency; and



20 FIG | shows schematically a first enbodi mrent of a sensor capabl e of
measuring pressure gradients in three orthogonal directions; FIG 2 shows
schemat i caWy2m6s®@60nd enbodi nent of a sensor capabl e ofpcTARAGSHISEH Pressure
gradients in three orthogonal directions; FIG 3 shows the force applied to
the sensors of FIG | and FIG 2 by the 25 pressure gradient of a shockwave
emanating froma projectile; FIG 4 shows the force transfer function of the
sensors of FIG | and FIG 2 as a function of frequency; and 4 WO

2006/ 104511 PCT/ US2005/ 028680 FIG 5 is a schematic diagramof a shockwave
Time-of -Arrival (TOA) nodel. Detailed Description of Certain Illustrated
Enbodi ments The i fl@rdt iipmsdhsmaticrdiagtagdof aishdokwaal Time-of-Ardva{ISiAdmadeld net hod
for determning the 5 direction, as defined by azinmuth and el evation, of a
shooter location and a trajectory of supersonic projectiles. The system
includes two or_nore sensors mnth each sensor having three accel eroneters,
the signal s of LilenDgscapi Segap ljustratigdfimhodmentsockwave arrival angle unit
vector, the shockwave arrlval time instant and peak ressure. The sensor's
sensitivity is grdh¢ Beentigp isidizectef, Q’r‘FW‘r‘%&lﬁ’éﬂé‘?méﬁ%F‘é@?‘gfoF deterpdniggthe 10
shockwaves and dpdedin! S8Rl byaﬁmmvyﬁa elfa\vaﬁng%ﬂ%oeiaaroa&fo%h@é treffsetRy ambi ent
noi se. Referrin nom/to FIG "1, in one exenplary enbodi nent, a sensor unit
10 includes a Fs@sEsoBe Progchlss Thasysier icludsnaoror TRresieaEmIENCIA SYBE hol der so
as to allow ”%‘é%ﬂ%ﬂ%ree%céé?@rn&@r@%ﬁérs1glﬁgls bfwhib £€pReQisdiagtih@ity orthogonal
directions X, Y an i ndi cated by arrows) Re sensor 12 includes a

housi ng 13 rradesh@qkwafwné%kam gt Vfgortheﬁhqqh\mve\amvnl tninggait andpegle| er onet er

t hat lnCOfpOfaHﬁ%m&@ﬁ%@s&@&%@&ﬁﬁﬁﬂ&wgﬁﬁﬁﬁ%?&@ﬁ%ﬁﬁ% Rh&BMGerkady or15b, 15¢
provi di ng i ndependent signals representative %e accel eration of the
sensor 12 iK't rféoqkevébeé@m? pachess gt tha}%vezfrfwww@hwnsmﬁ@f argliprg §pise} 2 | s

suspended in a hol der 14 by, for exanple, threads, wires or  strings 16a,
Referring now'to FIG. 1, in one exemplary embodiment, a sensor unit 10

includes a frame or holder 14 and a sensor 12 suspended in the holder so as to allow
movement of the sensor 12 in three substantially orthogonal directions X, Y and Z
(indicated by arrows). The sensor 12 includes a housing 13 made of, for example,
15 aluminum, with a 3-axis accelerometer that incorporates three independent
accelerometer elements 15a, 15b, 15¢ providing independent signals representative
of the acceleration of the sensor 12 in the respective X, Y, and Z directions. The
sensor 12 is suspended in a holder 14 by, for example, threads, wires or strings 16a,
16b. The electrical signal produced by the accelerometer elements 15a, 15b, 15¢ can
20  be transmitted to an input terminal of a suitable signal processor via electrical wiring

(not shown) that can be routed, for example, along the suspension wires 16a, 16b.

The sensor 12 does not experience a net force when the uniform pressure is
applied, even if the magnitude of the pressure changes. In this situation, the output
signal of the accelerometers is zero, except for a possible constant bias. However, if

25  the sensor 12 is exposed to a pressure gradient, i.e. when the pressure on one side of
the sphere 12 is different from the pressure on another side of the sphere 12, then a
net force is applied to the sensor 12 in the direction of the pressure gradient, creating
an acceleration that is proportional to the force and inversely proportional to the

sensor mass. The output signals of the accelerometer elements 15a, 15b, 15¢ is



16b. The el ectrical signal produced by the accel eroneter elenents 15a, 15b,
15c can 20 be transmtted to an input termnal of a suitable signal
processor wvea:ealsacdsii cal wiring (not shown) that can bediaubedodesy
exanpl e, along the suspension wires 16a, 16b. The sensor 12 does not
experience a net force when the uniformpressure is applied, even if the
magni t ude of the pressure changes. In this situation, the output signal of
the accel eroneters is zero, except for a possible constant bias. However, if
25 the sensor 12 is exposed to a pressure gradient, i.e. when the pressure
on one side of the sphere 12 is different fromthe pressure on another side
of the sphere 12presehhveof testccdlaaton ekmriampd betie tansdrie istaswpeci® X,n t he

di rection of th§;ﬁ&§§ﬁ&&e gradient, creating an acceleration that is
proportional to't orce and inversely proportional to the sensor nass.

The output signals, gg%s/rgﬁggg%c%é@o&@@&%e ﬁh@%’lﬁf rf%?ch a}g’é%rleljoﬁl%teiss 5 VO

2006/ 104511 PCT/ USJ representative e acceleration
experi enced by miseompehinest fronpsiligpnt piezoplegpematerals, Xnd ﬂrfellze di sueteble ons. Vari ous

types of accel eLQUELALS: AIE: KAAND. (el Nide SUCROARACAELBLANEL T S

m cromachi ned from silicon, piezoeleciric nateria
sui tabl e 5 accedverabirefian Eil@VCCf@mp@mtﬁae Ju%tﬂtféiPEﬂd@v@é Kito ek TOrREAS | SOT RON

accel erometer, gkl AMRaLd ATL FAAPUER CRLARKAL bAuss BRI UARpERRLS T ano,  CA

Accel eroneters e se ect to have W cross-axis coupling or
crosstal k, for txalbplfer reliabdsdecoupiing thegighady generhtedinl thredmdenspdenng t he signal s
generated in thgee.independent directions. 10 As shown in FIG 2, the
sensor 12 of FI G ﬁ can al so be nounted, for exanple, on one end of a

resilient ejgment As%H&% AFIRY, RGerbr 1 DReItRES alﬁﬂ% xf?éuni%laff*op&a% lecan be
attached to, for exanple, a stationary support 24. bef ore e sphere 12

can nove in theewegh ‘Pfdgéﬂléﬁnt PRIt tshabirs spring 6.5 Higp OZhef\mlCi of spring %@é@l eroneters

embedded i n the. REK &, R NG s@RGEHIHHN. AL BBl SnPYARRL LANal o the
force exerted on the
move in three orthogonal directions X, Y and Z, with the accelerometers embedded

in the sphere producing acceleration signals proportional to the force exerted on the
15  sphere by the pressure gradient. Care should be taken to position the center of

gravity of the accelerometer at the center of the sphere, since the applied force,

which acts through the center of the sphere, could otherwise cause the sensor to

twist, thereby inducing acceleration not entirely representative of the force.

FIG. 3 shows a response of the sensor 10, 20 to an exemplary shockwave

20 propagating past the sensor, creating a force that is proportional to the pressure
gradient in the propagation direction of the shockwave,  This force creates
acceleration inversely proportional to the sensor mass. The exemplary curves of

FIG. 3 are for a shockwave pulse propagating past a 12 mm diameter aluminum
sphere suspended in the holder 14 of FIG. 1. The pulse parameters are typical of a

25  shockwave from a bullet passing at 30 m from the sensor, exhibiting a peak pressure
of approximately 100 Pa and half-span T of approximately 150 ps. The 3-axis
accelerometer used in the experiment is fabricated from three Endevco Model 25A
ISOTRON accelerometer elements and mounted inside an aluminum sphere having

a diameter of 12 mm and a wall thickness of 0.7 mm for a total mass of 1.1 g. It will



15 sphere by the pressure gradient. Care should be taken to position the
center of gravity of the acceleroneter at the center of the sphere, since

t he appl i eadvd oee4siaiwhi ch acts through the center of thecspRswso2seoul d

ot herwi se cause the sensor to tw st, thereby inducing acceleration not
entirely representative of the force. FIG 3 shows a response of the sensor
10, 20 to an exenplary shockwave 20 propagating past the sensor, creating a
force that is proportional to the pressure gradient in the propagation
direction of the shockwave. This force creates acceleration inversely
proportional to the sensor nmass. The exenplary curves of FIG 3 are for a
shockwave pul sebepynsigmigad ity qies tlightweighimenisapremetel alleysi ssurvell 8pmBFE suspended

in the holder If.@fastbéen ob-a gilgic Q&er?gro%t@@@?tae\ﬂa?te foof EMﬁ'c@?a er0Fanfbe25
shockwave froma bul [ et passi ng m frofm the sensor, ibiting a peak

pressure of aptﬁ%b@ﬁtﬁaéltcé oy mla(déltlprat%hamwanf E@pahceipror@qteraﬂymeakhaﬁap@w 150 s.
The 3-axis ac Qﬁ'OQrg](?gﬁo{ai_ﬁl'étePannna febtRaR¥ %?deﬁ&/’ﬂf sb §Hfz ahi i Gals@idicf 618M t hree

Endevco Model 25A accel er onet er eneénts and nounted i'nside an
al um num sphier enW4y i Hig maximym gercapnced foree aerresparfisdo ambdcelentiekplfesS, ¥f 0.7 mm

for a total mMasga@fe rdaximén oﬁrhut‘%itzige i V'] L\s mmlo%g(@%oligl}@l%gst R 1%31005/ 028680

be understood that other twei ght netals or netal alloys as wel
pl astic naterﬁ%ﬂgmmSEﬁwn&§ﬁ&wﬁﬂésﬁﬁ@ﬂﬂdaﬁwﬁﬁﬁﬁﬁbﬂé@wﬁbmaa%ﬁ@éﬂﬁﬁﬁbf surface

layer, can be jMsetpbRvhfal af @it 'vgbt(ﬁg%‘ftth(?rbr &)‘ag@ oHrﬂlf&@mn EREA their
accel eroneter el enment has a nass amet er of MM a resonance

frequency of 503%@ﬁweaﬂ@“%w3%n5|t|V|ty of 5 5 mv/ G The HHX|nun1exper|enced

force corresponds to . an acceleration of | G so that the ﬁHXIﬁUﬁ]OUtput
voltage is 5 mv. AsPrReRal GA%HaEH60dhe BIESSPEaErdie sPRET 1Y e dflateRclorsi on

regi on of sphergnsliiityttbeoRGrR DY Bttt é?nﬁ/o?%?e@su@cf ghldRni NI B1&. ACaRWEra0NEt er s
are proportional to the unit vectors of the propagation direction al ong

their respect i Requerey 8lof 8t thgferce induced on the 12 mm ameter sphere per unit sound
pressure. The measured sensitivity peaks at a frequency of about 12 kHz, and falls

off at a rate of 6 dB/octave at lower frequencies. In this way, the pressure gradient
15  sensor is naturally matched to the frequency content of shockwaves, which have
most of their signal energy at frequencies above about 6 kHz. This reduces the
complexity of the detection circuit, since low-pass filters can be eliminated. For
comparison, ambient noise from, for example, wind and vehicle motion, has the
greatest signal energy at frequencies -below 6 kHz and is therefore naturally

20  attenuated.

Referring now to FIG. 5, a Time of Arrival (TOA) model, which is described in
more detail in US patent 6,178,141 (incorporated herein by reference in its entirety),
is used to estimate the trajectory of ‘the projectile and the shooter direction relative to
the sensor location. The TOA model is based on an accurate ballistic model taking

25  into account certain physical characteristics relating to the projectile, including: the
air density (which is related to temperature); the Cartesian position of a shooter; the
azimuth and elevation angles of the rifle muzzle; the muzzle velocity of the
projectile (Mach number); and the speed of sound (which varies with temperature/air
density). With this ballistic model, it is possible to accurately calculate, at any

30  particular point in space, the exact time at which the shockwave (and muzzle blast, if



10 A principal advantage of the pressure gradient sensor is its relatively
|l ow sensitivity to | owfrequency forces and/or pressure gradients. FIG 4
shows a fweuermmysipl ot of the force induced on the 12 pon/dsmosaiessosphere
per unit sound pressure. The neasured sensitivity peaks at a frequency of
about 12 kHz, and falls off at a rate of 6 dB/octave at |ower frequencies.
In this way, the pressure gradient 15 sensor is naturally matched to the
frequency content of shockwaves, which have nost of their signal energy at
frequenci es above about 6 kHz. This reduces the conplexity of the detection
circuit, since lowpass filters can be elimnated. For conparison, anbient
noi se from forseheaph epariguisapeindn v#es-cl e notion, has the greatest signal
energy at frequencies below 6 kHz and is therefore naturally 20 attenuated.
Referring now to Megsuragents ofjaghogways's thigg unit veptyrs rpdiarrivalime At MO Yescri bed
in nore detailnd oPhePab@Mscitbed FRosdfldl ghatiRGOLRQE ARG SuliRIAE B Bdterim@ifeer ence in

its entirety), 1is used to estimate the trajectory of'the projectile and the
shoot er di r ect iUB13u¢le thersheaser degatiqny pullsbiaiesiory. gad ealibr. Relréivarosnogisl(0 s based

on an accur at e ohahd dhdbteCis TRARY af pid: PAPL Py P Ahdéca@ At psi@id &t Ncphygi cal
characteristics relating to the projectile, including: the air density
(whi ch is rel at8d heoPWlgnasciary) ise§howp snarating domathe sbeotariip thegdiregtin®fot er: t he

inuth and el eyat | Les of the rifl he: th le velacity of th
o1 0] et 16 (Vg niRr S SAr PR e bR BEn e (b O st b

tenperature/air densiag. -Wth this ballistjg nodel, it is cﬁOSSi ble to
accuratel y cal efprpreach (FAampf thedullel i the sansgr lspgflmtmq the pgsl Edlowehfrorashgct ti e at
whi ch t he shockwave (and nuzzle blast, if 7 WD 2006/104511

PCT/ US2005/ 02868t where the shahwhveds paieteil Guindhe tpgicry forthesjfacmsor iMSasTheenent s of

2t oredeser s Bea eReulit el o Bil-Lie SBRAED. My L Shhe R dmefel fene |
uni quel y the shesgéctre, Vds aik isopersobid vkietityt o @leqidjedtije, ame) is tik i(fressureRaldat i ve to
an origin (0, temperature-dependent) speed of sound. The 'miss-angle' between trajectory and thé
j™ sensor is yi. The trajectory is characterized by its azimuth angle o measured
counter clockwise from the x-axis in the x-y plane and by its elevation angle ¢
15  measured upward from the x-y plane. The equations that define the shockwave

arrival time t; and unit vector at the j" sensor are written in terms of these

geometrical quantities.

i)

The time of arrival is equal to the time TJ it takes for the projectile to travel

. e . . . .
the distance ‘A !'l to the point were sound is radiated toward the j" sensor, plus the

20  time it takes the shockwave to travel the distance |§ j' from that radiation point to

the j™ sensor, I—-J—l )
Co

t.=t0+—+|££l=to+msin(yj+9), )
¢ C

wherein to is a time reference (firing time). The closest point of approach (CPA)



5 0), the shooter is located at point P (Px, Py, Pz), the sensor at point C
(C, C, Cz), and the bullet trajectory is shown emanating fromthe shooter
in the diread2me102b11 | A The vector di stance between thepsii@Qigs R | ' h

sensor is DI , the closest point of approach (CPA) of the bullet to the
sensor is and the path followed fromthe point where the shockwave is
radiated fromthe trajectory to the j'h sensor is '. The 10 Mach angl e of

the bullet is 0 =sin"(1/M, MV/co. Mis the Mach nunber of the projectile,
V is the supersonic velocity of the projectile, and co is the (pressure- and
t enper at ur e- dependent) speed of sound. The 'm ss-angle' between trajectory
and the jth sé:msmenth@pwectnl‘éhnajetuoaqaetitlmng/sensm(shar acterized by its azinuth
angl e a neasured counter cl ockwi se fromthe x-axis in the x-y plane and by
its elevation angl \Jvais,ﬁ@a)sur ed upwgnd fromthe x-y plane. The equati ons
that define the shock Arrival tine ti and unit vector at the ] ' h sensor
are witten in terns of t e geonetrical quantities. 1Al The tine of
arrival is equal flbe€Ra (Qr” ) can betindependently detemnieedgfron} be mehsgred glopg efvel VvV
the distance A to the point were sound is radiated toward the j''"' sensor,
plus the P I z@eSthpﬁe,wawdqpmzeéisnﬂﬁ?e2§mvctm®0ewmequawé| the distance -1 from
that radiation point to the |'h sensor, I~J colAJ Dtj =t+ +-' =to+
sin(y.+B), (1) V CPc r2e|1nt0|satlnereference(flrlngtlne) The

cl osest poirft of aﬁp 8 WDO(R006/ 104511 PCT/ U52005/ 028680

M; is the projectile’s Mach number at the point where sound is radiated to the i

. . K . .
sensor along the projectile’s trajectory (A4 |, and p, ¢, B are the atmospheric density,
P ry p ty

sound velocity, and non-linear parameter 3 = 1.3. The slope of the shockwave is its

peak pressure Ps divided by the half-span T; (see FIG. 3).

10 The velocity V of the projectile can be assumed to be constant along its
trajectory, if the sensors are closely spaced, so that there is insignificant loss of
speed between the times the projectile radiates to the different sensors. In a more
general case, however, a mathematical ballistics model that predicts the arrival time
of a shockwave at any general point in space as a function of the full set of

15 parameters can be used. It is derived from physical principles, and has an accuracy
of approximately 10 parts per million (ppm). The mathematical model is described
in detail in US patent 6,178,141, the content of which is incorporated herein by
reference in its entirety. For comparison, conventional empirically derived ballistic

models have nominal 1 m accuracy at 1 km, or 1000 ppm.

20 The ballistic model includes the bullet drag coefficient Cy, which depends upon
the projectile’s caliber. The caliber may be estimated from either the peak pressure
P; or the half-span T, using the following equation that depends upon projectile’s
parameters S (cross sectional area), L (length), and K (a constant dependent upon

bullet shape).



bet ween the projectile trajectory and the j h sensor is IRJ I=Ifilsin(y,)

(2) The CPA (or Al) can be independently determ ned fromthe neasured sl ope
of the sharkweuasdepicted in FIG 2 fromthe foll ow ngCEEaNDIABIAI pc'
M2-1 Ix." 2,6M(P/T) (3) M is the projectile's Mach nunber at the point
where sound is radiated to the j " h sensor along the projectile's trajectory
IA' and p, ¢, (3 are the atnospheric density, sound velocity, and
non-|inear paraneter (3 = 1.3. The slope of the shockwave is its peak
pressure P, divided by the half-span T, (see FIG 3). 10 The velocity V of
the projectile can be assuned to be constant along its trajectory, if the
sensors are closely spaced, so that there is insignificant |oss of speed
between the tinmes the’BiiMGsMke|Radi ates to the different sensors. In a
nore general c e),':h'Gwe(ng‘TrT?Tmmtical bal(®} stics nmodel that predicts
the arrival time of a éhd‘c%\ré at any general point in space as a function
of the full set of 15 paraneters can be used. It is derived from physi cal
principles, and (s @8 LB BCHund)f it PRIGOX ideRt edaffidibnt Py tis kpewn.m THis on
(ppm. The mathematical node| is described in detail in US patent

6,178, 141, t RRI¥BgieIRimpaAttaphindthe palisticanedsdpredicon ef BiojpcHle's FB¢ENEL in its
entirety. For i ; enpl ry i 1St i nodel s
nave nom nal U [ oas o o TR LR ond T e Ko et D B el

i ncl udes the mapdrienaltadhe opfafd wiokef Mish wmiteh Mep miere (Agoyratet hedel is

jectile' ber. ¥ be esti from either the peak
orossure b, PRl in oY Publ AT BRE! pERRER Rt BhDbRE ket depends
] H : K
AERETe P Rterh e RIS Soses0

upon projecti 9[}@% s . S
const ant depeljﬁ énlfegg%n %?I gﬁeélﬁt%ge

sound is radiated to the j™ sensor are defined in terms of the initial muzzle velocity

Vo, the local velocity V=Mcy, and drag coefficient Cy,
5 -
14| =, (7, ~ e /sn@)))
p
" AJ.] (5)
LV, =V, 4/C,

10

10



20.75 QQOsM sosK IRJI 0.25 (TA. L0O.25C 0/ IM2 _11S (4) Once the caliber is
found, its unique drag coefficient Co is known. This paranmeter is inportant
i n the balwobisaossadel prediction of projectile's traj aadissoosiodsess he
context of the present discussion, the drag coefficient is assunmed to be 5
proportional to the square root of Mach nunber M A nore' accurate nodel is
described in US patent 5,930,202, the content of which is incorporated
herein by reference inits entirety. The distance Al and the tinme to to
reach the point where sound is radiated to the j"' sensor are defined in
terms of the initial nuzzle velocity VO, the local velocity V=Moo, and drag

coefficient Ch. A'.J= LS| 10 1A P, .| - Ch 10 WO
5006/ Loaci1 por e faknd ﬁéﬁ?%ﬁgé%fhgeﬁ§WF?H@ﬁﬁﬁéaﬁgﬁﬁghﬁgﬁﬁét be

sol ved when tphelididhé istindudeddel predictions are included: t, to +t1l" +IS
Co St2-to+t2'+ 2 Co IR IDIsin(y,) IR2l I1D2l sin(r2) vx, _ Cx, - Px -

Ax, vXi2 + vy,2 +vz,2 Cx,2 +Px2 4SAx," vY Cy, - Py- Ay,
1

L=ty 4 L
Cq
S.
L=ty +1 + 15,
Co
|R1| = ]D,]sin(y )
IR,|=|D, [sin(7,)
VX, _ Cx, - Px — Ax,
\/vxlz +vy,’ + vzl2 \/Cx,2 +Px*+ Ax
W __On-Py-4Ay )
\/vx,2 +vy} vz \/Cy,2 + Py + Ay
vz, 3 Cz, - Pz - Az,
\/vx,2 + vyl2 + vzl2 \/Cz,2 + Pz 4 Az,2
VX, _ Cx, — Px - Ax,
\/vxz2 vy, vz, \/sz2 +Px’+ Ax,
2 __O,-Py-4y,
\/vxz2 vy, vz, \/Cyz2 + Py’ + Ay,
vz, _ Cz,—-Pz- A4z,

- 2 2
\/vxz2 +vy, + vz, \/sz + Pz’ + Az,

The three-bar equals signs indicate where the right hand side is forced to equal
5  the measurement data on the left. The following identities were used to simplify the

equations; these equations do not contain data:

ID |cos(y, + 6,) = 4, cos(6)

lDz}cos(y2 +6,)= A4, cos(6,) @)

Accordingly, there are 10 independent nonlinear equations, of which only 8 are
required (redundéncy). Normalized accelerometer signal voltages inthe x, y, z
10  directions for the jth sensor are denoted vx;, vy;, vz;, i.., the subscripts 1 and 2
denote the two different accelerometers or pressure gradient sensors. Therefore, the

nonlinear equations can be solved for the unknown parameters. In addition, two of

11



vxi 2 +vy,2 +vz,2 Cy,2 +Py2 + Ay,2 (6) vz, Cz, - Pz - Az, vx2+vy, 2+vz2

Cz, 2+Pz2+Az, 2 yx2 = Cx2-Px-Ax2 vz22 + W22 + vz22 Cx22 + Px2 + Ax22 1Yz
CY2- Py- Ao 20682sT1VY 22 +vz22 Cy22 + Py2 + Ay22 _ vz2 ErPARWONB680]vX22 +
vy22 + vz22 Cz22 + Pz2 + Az22 The three-bar equals signs indicate where the
right hand side is forced to equal 5 the neasurenent data on the left. The
followng identities were used to sinplify the -equations; these equations
do not contain data: ID, Ilcos(y, +0,) -- A cos(O) (7) Dcos (r2 B2) A2
cos(02) 121 (Y2 = Accordingly, there are 10 i ndependent nonlinear equations,
of which only 8 are required (redundancy). Normalized accel eroneter signal

vol tages in the x, 10 di.rections for, the | h.sensor are denoted vxi,
iy e, i e s (e fepfient S R5e lpriOR aendictl TaPIeReS e

accel er onet girsjebtile BlcSt5ed! vhibH el REtRAEE Rb%-thd MAERNOER eqidiien ifveRinghear
equations can be sq]ved for the unknown paranmeters. In addition, two of 11

WO 2006/ 1045QHA U200 SRS HEDbressine slopknDRIS Fact all@gs oot findistmtofand muzzl e
velocity) are uniquely related to the projectile's caliber, which can be

estimated fromtdigs bn CPRENBIRIVolvertiat EQALbIY HerdbRGmploPMg(thd adculddy of and
shockwave pressure slope. This fact allows for the inclusion of constraints

on CPA whi | epasaspefenisgtimpiéone diiadditnmal sepsoas pysdaphicn vedvgdanhdatacelirctedy of 5
paramet er  eshisRRli QR be biedd HelsbRBAurBENS AiSrodt FardRBr edififillof SHALANT data

col | ected
One possible estimation algorithm for trajectory estimation is a variant of the

Levenberg-Marquardt method of non-linear least squares. The variation is in the
weighing of the residuals. The weighing method used gives an L1 type solution: i.e.,

10 minimum absolute value. The weights at each iteration are recalculated using the
size of the residuals to effectively "throw out" outliers. The L1 Levenberg-

Marquardt algorithm is detailed in US patent 5,930,202 and operates as follows:
1. Compute the residuals, weights, and the initial cost, Eo;

2. For the k™ iteration, calculate the elements of a weighted derivative matrix,

15 H;
3. Calculate the next estimate of x by solving for 6x and adding it to the current
value of x;
4. Calculate the new weights, weighted residuals, and cost, Ey, at the new state,
Xk;
20 5. If the cost is greater than the previous cost, discard this estimate of x(k),

increase A by a substantial factor, for example by a factor 10, and repeat from step 3;

or

6. If the cost is less than the previous cost and the solution has not converged,

decrease A by the same factor and repeat from step 2.

25 There are three ways of exiting the iteration loop: reaching convergence,
reaching the maximum number of allowed iterations (e.g., set at 50), or having A

increase to a predetermined limit. Convergence is defined by the ratio of the new

12



this way can be used in the solver further to inprove paraneter estimation
accuracy. One possible estimation algorithmfor trajectory estimation is a
vari ant @b bfi@okgyenber g- Marquardt net hod of non-|i neoT/Us06v028@Uar es. The
variation is in the weighing of the residuals. The wei ghing nethod used
gives an L1 type solution: i.e., 10 m ninum absol ute value. The weights at
each iteration are recal cul ated using the size of the residuals to
effectively "throw out” outliers. The LI Levenberg- Marquardt algorithmis
detailed in US patent 5,930,202 and operates as follows: 1. Conpute the
residuals, weights, and the initial cost, Eo; 2. For the k"' iteration,

calcul ate t e ts. 0 {,aht erivative mat.r.i X Cal cul ate
t he next es't3 ?%’atltogﬂ%é}e&w {/co to’\flkg}/%(g'lsglrf %faté%(ﬁ bﬁﬁvﬁeﬂg-@i‘ ?%dlﬁﬁgh eéaé}?ent val ue
of x; 4. Callaual mirgmuinchasdeenweidhbd 6r thevedsy fiineslort @sfadeladss, flaanallegpsitthatEk, at the

new st ate, k; 20 5. If _the, costeA'bs greater thfjam t he previous cost, discard

this esti matf@thsr itgraRgns willof impravedhs resuls ) staysiilagiis RiCRLY CHBEd exanmpl e by a

factor 10, 3aRHcdiBp%Mich doRMYiSh 6Ruded. OF 6. If the cost is less than the
previ ous cost and the solution has not converged, decrease X by the sane

factor agd repgap,d Bﬁel’{? RGP tKat azgloﬁ!eﬂ]ﬂmiﬂﬁﬁh?ﬂé&f’%%@ ectif hAdhet NE

iteration | oop: reaching convergence, reac e maxl num nunber of

al | owed it erpatjectihs tiagctpry setbeatoBpited anorhapiickly Andi mtadasy weng an
predetermned |jmt. Convergence j.S.defjined by the ratio of the.new 12 WO
0061 104511 el tas SR SR I (G AL iy L E RS R )
the ratio i andepphperesédioI92oh amboptimigdtion @Focadurds. Md3¢ élhssivahpoittbylgsintoeen
reached or the cost function surface has_a flat valley, so that . further

i terations WECHINSY vienpdstramingtic raegsire far sppoaching 5 PRUMYDi SRRy 1 et ur ned

10 starting from a random guess solution and specifying a search direction based on a
pre-specified transition rule, such as direct methods using an objective function and
constraint values and gradient-based methods using first and second order
derivatives. However, these methods have disadvantages, for example, that an
optimal solution depends on the selected initial solution and that most algorithms get

15  “stuck” at a sub-optimal solution.

Unlike classical search and optimization methods, a GA begins its search with a
random set of solutions, instead of just one solution. Once a random population of
solutions is created, each is evaluated in the context of the nonlinear programming
problem and a fitness (relative merit) is assigned to each solution. In one

20 embodiment, the fitness can be represented by the Euclidean distance between a
calculated solution and the measured solution. For example, one solution can be
defined by the shockwave-induced voltages and Time-Difference-of-Arrival

(TDOA) at the two or more sensors j. In other words, the goal is to find

— cale meas Y ( cale meas )2 ( cale meas )7'}
AV i —mln\/zj{(vxj VX ) +w;" —wy; +z)" —vz;

25 and

A Trin = min \/Z (Tcalc ™ Uoteas )2 (8b)

Jj

wherein the sum is taken over all sensors. Alternatively or in addition, the

13



i ndi cating which condition occurred. 5 Is has been found that a gl obal

m ni mum of the shooter direction and the projectile trajectory can be
conmput ed oo eooguesskl y and reliably by using an evol ut ipghafsyoogessedo C
algorithm (GA). GAs mmc natural evolutionary principles and apply these
to search and optim zati on procedures. Mst cl assical point-Dby-point
algorithns use a determnistic procedure for approaching the optinum
solution, 10 starting froma random guess sol ution and specifying a search
direction based on a pre-specified transition rule, such as direct nethods
using an objective function and constraint values and gradient-based

met hods using first and second or%ﬁ derivatives. However, these nethods
have di sadvamlé}g@@reﬁléﬂalebfélwﬂ%*( étdlsmce ot dlspeie used e 4 FHeCHHends on t he
selected initial solution and that nost algorithnms get 15 "stuck” at a

sub-optimal solution. Unli e cl ass d optim zation nethods, a GA
begins its search with aAl E‘In ‘ L1IOS inst¢gg) of just one
solution. Once a random popUiati o Bf '€l Ut'i"8hs is created, each is

eval uated in the context of the nonlinear programmng pr obI emand a fitness
(relative neritnthifival$SdnddIgstith HAGEE aS@laUtvalRR. ofl AV QN2 aedybodDYRNs, t he
fitness can be represented by the Euclidean distance between a cal cul ated
sol uti on andbe%#& neasured sol ution. For exanple, one solution can be
defined by the shockwave-i nduced voltages and Tinme-Difference-of-Arrival

( TDOA) at 5t he t%BllléﬁhﬁhlﬁV@U@éﬂi@&)‘?@nthCldednh@rﬂeﬂmrd@th the@referaed i s to find AV
=mn J. 1J T Jd
25 and Arm"l gl%b!)d' me Wfltrs sfilmsn ﬁ\éZ&EQ’E%eh V%(ﬁe\l/zgl (ﬁxsmo\gﬁca?lortl%gn over aII
sensors. Alt ﬁnplawmedtg/thefeon wilhblgbiotnie o¢ndily hpparekid td/ o &OBA el G Bk brt.

PCT/ US200510 %gg'gmgly, the spirit and scope of the present invention is to be limited only by the

following claims.

14



m ni mum resi dual of the CPA (IB 1) distance can al so be used as a criterion:
pp pp a MD =mn DiDI (8c) J nmens Intuitively, an algorithm having a
smal | value of AVmin, A2min and/or AIDOmn is better. 5 Wiile the invention
has been di sclosed in connection with the preferred enbodi nents shown and
described in detail, various nodifications and inprovenents thereon wll
becone readily apparent to those skilled in the art. Accordingly, the
spiritcgpg scope of the present invention is to be limted only by the
followmng clainms. 14 Clainms | . A sensor for determ ning a pressure

gradi ent generated by a shockwave, conprising: a support structure;

The- suppor A SEPURE B Be holemanerifE LB TR o A el %fﬁgﬂslé’ﬁ?"”ed ”

accel ef aippb@kirg@dGbosed in the body and generatlng an output signal in
response to a force applied to the body; wherein the force is produced by
t he presbsisstidysahesiel oty it cdatusious |a@¢1@mst10ﬁkhy guppegedby haghprotde and

d'reCtétﬁn@tu?Jfotrn%v%@ﬁ%tlr'ﬁtele%r[g%81'?@0‘[1}9@5 The sensor of claimil, wherein the

sensor has a sensitivit requency range that nmatches a maxi num
si gnal aleameélgryome&mgsclos‘edtuhlmesiodgkmag@eraﬁngmeutwmgﬁal of regdombantoh, fowber ei n t he
sensor ? tivity peak in a frequency range above about 6 kHz. 4.
The seﬁ? ? 6?1%B%%h11, wherein the sensor has a sensitivity peak at a

frequepgteifih@ROitis phlukdddy the pressure gradient and the output signal indicates a

magnitude and direction of the pressure gradient.

2. The sensor of claim 1, wherein the sensor has a sensitivity peak in a frequency range that

matches a maximum signal energy range of the shockwave.

3. The sensor of claim 1, wherein the sensor has a sensitivity peak in a frequency range

above about 6 kHz.

4, The sensor of claim 1, wherein the sensor has a sensitivity peak at a frequency of about
12 kHz.
5. The sensor of claim 1, wherein the sensor has a sensitivity peak in a frequency range

having frequencies greater than a frequency of signal energy produced by ambient noise.

6. A system for determining the trajectory of a supersonic projectile comprising:

at least two spaced-apart sensors, the sensors supported by a support structure at known
coordinate positions and encountering a shockwave generated by said supersonic projectile, each
sensor comprising;

a substantially spherical body elastically supported by the support structure for movement in at
least two directions;

an accelerometer enclosed in the body and generating an output signal in response to a force

applied to the body, wherein the force is produced by a pressure gradient of said shockwave and

15



5. The sensor of claiml, wherein the sensor has a sensitivity peak in a
frequency range having frequencies greater than a frequency of signal
energy produced by ambi ent noise. 6. A systemfor determning the trajectory
of a supersonic projectile conprising: at |east two spaced-apart sensors,

t he sensors supported by a support structure at known coordi nate positions
and encountering a shockwave generated by said supersonic projectile, each
Sensor (ot Sighalind@cadtbshastiiuab hiyd SRRE6A 68the PRAYIrEbRGIhEMd i Sapameed by

t he support structure for novenent in at |east two directions; an

accel erdHstsbecksiart gdbeisdngort he body and generating an output signal in

respon o |.ed 1 0 i 0 | ced by a
br essuntd b PieisRt G- BRPHeERuhR skl s 2RGH: 1RGNS OF A kRl SRRERESS
magni t ude uambigiduelgtde@imofing &l @4jessyrof sgd acheesdhicandjeaticarri val time of the
shockwave at the sensor; and a processor processing the output signals and
the arrival tines fromthe at |east two sensors and unanbi guously

det er myni NG 1RaL Ml 8 SEHPE XyiRke i HohoSHABHRRAIG BEQIEEL dd:Bleromerdhe Syst em of
claim6, wherei’n the acceleroneter 1s a three-axes accel eroneter producing
out put psidgniak sutpepsigsdnteatekargatok odan acektatioatin tmneed mutuhlihemdependedt| y
independeqt directions, 8. The systemof claim6, wherein the substantially
spheri C4FB8%y is nade of a Iightweight rmetal or a plastic material. 9. The
systemof claim@8, wherein the plastic material conprises a plastic foam
with a waterproof surface. 10. The system of claim@8, wherein the

| i ght wai ght Thesstene ohgrins@svhereintheuastantiplly periggidodimisonadd afiadightwaagier ei n
t he su t ture .conprises a frame. 12. The systemof claiml 1
mhereiﬁﬁgﬂgl?&kﬁégﬁggggﬁstructed to have a characteristic oscillation
frequency of less than | kHz. 13. The systemof claim 11, wherein the body

is supported. in the frame by wire, thread or i ] ,
9. The system ot claim 8, wherein the plastic material comprises a plastic foam with a

waterproot surface.

10. The system of claim 8, wherein the lightweight metal comprises aluminum.
11. The system of claim 6, wherein the support structure comprises a frame.
12. The system of claim 11, wherein the frame is constructed to have a characteristic

oscillation frequency of less than 1 kHz.

13.  The system of claim 11, wherein the body is supported in the frame by wire, thread or

tape.

14, The system of claim 13, wherein the body is supported by the support structure, with the

support structure having a characteristic oscillation frequency of less than 1 kHz.

15. The system of claim 13, wherein the body is supported by the support structure, with the

support structure having a characteristic oscillation frequency of less than 100 Hz.



tape. 14. The systemof claim 13, wherein the body is supported by the
support structure, with the support structure having a characteristic
oscillation frequency of less than | kHz. 15. The system of claim 13,
wherein the body is supported by the support structure, with the support
structure having a characteristic oscillation frequency of |ess than 100 Hz.
16 16. The system of claim 13, wherein the support structure conprises an

el asti g menpgs syste;%fcme, 1s_;y§tqemrpttqe @t@bms&§@turetteﬁeh@estameerehaﬁtehrberrerrber
conprises a spring. 18. The systemof claim®6, wherein infornation for
determ ni ng said trajectory is selected fromthe group consisting of

shooter drreﬁtro shooter frectrog el evation aj ectory

€S em clarm hergm thefa astl f‘ er. Comprises a s’ﬂmé
drrectron azi mut raj ectOr I'rection elevatio e“vel ocity, and
bul l et drag coeffrcrent 19. The system of cla|n16 mherern the at | east
one sensor has a sensitivity peak in a frequency range .that natches a

maxi muAdsi ghag SYéwgr@ffl%l%évtereut wéorgﬁeerktwétemzomgtsr@, et niveletesi m 6,
wher ei . fife muhg@r%;mtggéﬁe S%e(?rdrrgoatﬁ)]p ﬁ'stba&ttarregﬁorertraten tlfmré&%@ncy range

above about stem o alm 6, whereln the at ast “one
sensor dhegioa agignsh, tiaeictoyy ;ireakroateleaatrdnr, Em]milemg/loafy, aind)blmllelﬂralgHzaefﬂZEnt. The
systemof claim®6, wherein the at | east one sensor has a sensitivity peak in
a frequency range having frequencies greater than a frequency of signal

ener gy 1pr odysesyskn o Rdire twHRI S e a2Rast DRE s&¥St 18N QEnsGH Ay Pl invher ei n t he
processor is configured to determine the trajectory of the supersonic

pr o] ecfiefeeneyrandethat Maishesr whvoteT sipsd ardramrangeof thihghapyyerm of clai m 6,
wherein the processor is further configured to detect the location of a
shooter of the supersonic projectile. 17

20.  The system of claim 6, wherein the at least one sensor has a sensitivity peak in a

frequency range above about 6 kHz.

21, The system of claim 6, wherein the at least one sensor has a sensitivity peak at a

frequency of about 12 kHz.

22, The system of claim 6, wherein the at least one sensor has a sensitivity peak in a
frequency range having frequencies greater than a frequency of signal energy produced by

ambient noise.

23, The system of claim 6, wherein the processor is configured to determine the trajectory of

the supersonic projectile for detecting a shooter location.

24, The system of claim 6, wherein the processor is further configured to detect the location

of a shooter of the supersonic projectile.





